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Introduction

Summary

e Lignin is an important root chemical component that is widely used in biogeochemical models
to predict root decomposition. Across ecological studies, lignin abundance has been character-
ized using both proximate and lignin-specific methods, without much understanding of their
comparability. This uncertainty in estimating lignin limits our ability to comprehend the mecha-
nisms regulating root decomposition and to integrate lignin data for large-scale syntheses.

e We compared five methods of estimating lignin abundance and composition in fine roots
across 34 phylogenetically diverse tree species. We also assessed the feasibility of high-
throughput techniques for fast-screening of root lignin.

¢ Although acid-insoluble fraction (AIF) has been used to infer root lignin and decomposition,
AlF-defined lignin content was disconnected from the lignin abundance estimated by tech-
niques that specifically measure lignin-derived monomers. While lignin-specific techniques
indicated lignin contents of 2-10% (w/w) in roots, AlF-defined lignin contents were c. 5-10-
fold higher, and their interspecific variation was found to be largely unrelated to that deter-
mined using lignin-specific techniques. High-throughput pyrolysis—gas chromatography-mass
spectrometry, when combined with quantitative modeling, accurately predicted lignin abun-
dance and composition, highlighting its feasibility for quicker assessment of lignin in roots.

¢ We demonstrate that AIF should be interpreted separately from lignin in fine roots as its
abundance is unrelated to that of lignin polymers. This study provides the basis for informed
decision-making with respect to lignin methodology in ecology.

Lignin is a class of complex biopolymers which are formed by
combinatorial coupling of phenylpropane units (primarily con-

Fine roots play a critical role in plant fitness and biogeochemical
cycles in terrestrial ecosystems (Freschet ez al., 2013; Gherardi &
Sala, 2020). By maintaining a large surface area and intimate
contact with soil, fine roots acquire essential soil resources for
plants. The plasticity of fine roots, morphologically and/or chem-
ically, is often the key adaptive response of trees to the ever-
changing availability of water and nutrients (Chen ez 4/, 2016;
Suseela et al., 2020). At a broader scale, fine roots dominate car-
bon input to soil and regulate terrestrial carbon and nutrient
cycling. The turnover of fine roots channels ¢. 46% of global ter-
restrial carbon (C) fixation to the soil (Gherardi & Sala, 2020).
This large amount of root C is partly transformed into soil
organic carbon via root decomposition and is estimated to con-
tribute two-fold more to soil carbon storage than aboveground
plant parts (Rasse ez al., 2005).
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sisting of p-hydroxyphenyl or H, guaiacyl or G, syringyl or S,
Ralph ez al., 2004). Lignin is deposited in the cell wall of vascular
plants and provides structural integrity to plant tissues (Boerjan
et al., 2003). It is also an important component of fine roots that
influences many of their ecological roles, such as resource acquisi-
ton and decomposition. The accumulation of lignin in
roots may enhance root tensile strength that facilitates soil explo-
ration (Schneider et al, 2021) and can form diffusion barriers
that control solute and water balance (Reyt e af., 2021). Lignin
abundance has also been empirically established as a major factor
regulating root decomposition, where higher initial lignin con-
tent was associated with slower decomposition (Solly ez al., 2014;
See et al., 2019; but see Sun et al., 2018). The monomeric com-
position of lignin further influences its biodegradability. For
example, compared with other lignin types, higher proportions
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of G-type units can hinder lignin decomposition by facilitating
carbon—carbon linkages that are less prone to decay (Go#ii et al,
1993; Talbot et al., 2012). Thus, root decomposition is a func-
tion of both quantity and composition of lignin. In summary,
the characterization of lignin abundance and composition in fine
roots is essential to understanding root functions as well as root
decomposition that affects the fate of root-derived carbon in soil.
Despite modern advances in plant tissue analysis, characterizing
lignin in fine roots remains challenging. Although lignin has fre-
quently been used as a proxy for litter quality (decomposition
propensity) in biogeochemical models, no consensus has been
reached on a standard method for lignin quantification. Lignin
abundance is estimated using various methods that measure differ-
ent aspects of lignin (Table 1). Without an understanding of how
comparable these methods are, it is difficult to interpret and syn-
thesize lignin data across studies and plant species. This problem is
particularly acute in root studies, due to a lack of comparative
studies and the limited number of species that have been studied.
A form of lignin quantification that is widely adopted across
ecological studies relies on a two-stage sulfuric acid hydrolysis to
separate extract-free tissue into an acid-soluble fraction and an
acid-insoluble fraction (AIF). The AIF is operationally defined as
lignin (i.e. AIF-defined lignin, or Klason lignin) and determined
gravimetrically. This proximate estimate of lignin abundance has
been routinely used in ecological studies for decades and pro-
vided the basis for the current notion that lignin negatively affects
leaf and root decomposition (Taylor er al, 1989; See et al.,
2019). However, compared with the wood tissues for which AIF
analysis was originally designed (Sluiter ez 4/, 2010), fine roots
comare often more chemically heterogeneous and may contain
large amounts of nonlignin AIF components (e.g. suberin, tannin—
protein complexes, Preston ez al., 2009; fungal tissues, Jurak ez a/,
2015). Therefore, the AlF-defined lignin content in fine roots
could be significantly interfered with by non-lignin AIF materials.
Comparing AIF analysis to lignin-specific techniques that esti-
mate lignin by specifically quantifying lignin monomers will pro-
vide insight into how to interpret lignin data probed by the
proximate AIF analysis. More lignin-specific methods have been
used in root studies to measure lignin abundance and composi-
tion (e.g. Wang et al, 2015, cupric oxide (CuO) oxidation;
Leuschner et al., 2003, thioacidolysis). Both CuO oxidation and
thioacidolysis depolymerize lignin into well-defined diagnostic
phenolic monomers (Hedges & Ertel, 1982, Rolando ez 4,
1992), which are separated using chromatographic techniques
and characterized using mass spectrometry. These methods quan-
tify lignin content by measuring the abundance of diagnostic lig-
nin compounds, and they are hence specific to lignin, although
there is a potential for the underestimation of lignin due to
incomplete depolymerization. Although CuO oxidation and
thioacidolysis are both lignin-specific, depending on the plant
species, their estimates of lignin properties may vary from each
other as they cleave different inter-unit linkages. Thioacidolysis
may underrepresent G-type lignin as it mainly cleaves p-O-4
linkages but leaves intact the additional carbon—carbon and ether
linkages formed by the free C-5 position in G-type lignin (Ralph
et al., 2004; Del Rio et al., 2009). By contrast, CuO oxidation of
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lignin polymers is less specific (Dean, 1997). So far, little is
known about how lignin content estimated by the proximate AIF
analysis is related to that obtained by lignin-specific methods in
fine roots across tree species, or how lignin-specific methods com-
pare to each other. Elucidating such relationships is key to
improving our understanding of the chemical components that
influence root decomposition at a mechanistic level, as well to
integrating root lignin data across studies for large-scale synthesis
and modeling.

Another challenge for the routine estimation of root lignin is
that these methods are time-consuming, labor-intensive, and
hence are unsuitable for analyzing large-scale root samples, mak-
ing lignin data less frequently collected than other root trait data.
Although both nitrogen and lignin regulate root decomposition,
in the global Fine-Root Ecology Database (FRED, Iversen ¢t al,
2017), observations of lignin are ¢. 90% lower than those of tis-
sue nitrogen. These lignin records were largely based on proxi-
mate analysis and were limited to a restricted number of species.
This lack of information is problematic, considering strong phy-
logenetic signals have been detected for other root traits when
extended lineages of species have been studied (Valverde-
Barrantes et al., 2015). To our knowledge, few studies have com-
pared lignin properties across a representative number of seed plant
lineages. Reliable, yet high-throughput, techniques for assessing
lignin content in fine roots may facilitate the collection of large-
scale data for a better characterization of lignin in plant roots.

Methods that require less sample preparation, such as pyroly-
sis—gas chromatography—mass spectrometry (py-GC-MS) and
Fourier transform infrared spectroscopy (FTIR), have been
used to characterize lignin properties for wood and forage tissues
(e.g. Ralph & Hatfield, 1991; Miiller ez al, 2009) and may
potentially be a useful tool for rapid characterization of lignin in
fine roots. Pyrolysis (thermal decomposition under inert atmo-
sphere) of plant biomass produces a large number of products
from which lignin monomeric substructures and abundance can
be inferred (Ralph & Hatfield, 1991; Del Rio ez 4/., 2009). How-
ever, absolute lignin quantification by py-GC-MS is challenging
because it is impractical to obtain individual response factors for
the complex lignin-derived products (often > 40 compounds,
Del Rio et al., 2012). Pyrolysis—gas chromatography—mass spec-
trometry is also less specific to lignin than CuO oxidation and
thioacidolysis, as it does not distinguish between lignin and cell-
wall bound hydroxycinnamates (van Erven er al, 2018).
Recently, van Erven ez al. (2018) used py-GC-MS and an exter-
nal reference with known lignin content to quantify the lignin
abundance in wheat straw to an adequate degree of accuracy.
Alternatively, pyrogram features obtained by py-GC-MS have
been used to develop quantitative models to predict lignin con-
tent (e.g. Kleen ez @/, 1993; Fahmi er al., 2007). Fourier trans-
form infrared spectroscopy is another rapid method of chemical
analysis; it measures infrared spectra, features of which can be
explained by various molecular vibrations (Smith, 2011). Mod-
ern FTIR coupled with attenuated total reflectance (ATR)
removes the need for sample preparation with potassium bromide
required in transmission FTIR, making it one of the fastest tools
for chemical analysis. The IR band at 1510 cm™" is characteristic
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Table 1 Overview of five analytical methods for characterizing lignin properties in plant tissues.
Estimate of Estimate of
Lignin Labor Hazardous lignin lignin
Lignin analysis specificity Method mechanisms Potential disadvantages intensity reagents abundance composition
Two-stage sulfuricacid  Low A two-stage sulfuric acid AIF analysis is not specific  *****  Concentrated v
hydrolysis (i.e. Kalson hydrolysis was used to  to lignin because it sulfuric acid
lignin analysis and separate extract-free measures an AlF that
variants) tissue into acid-soluble  may include lignin and
and acid-insoluble nonlignin materials (e.g.
fractions (AIF)". The suberin, tannin—protein
AlF is used as an complexes, fungi cell
approximation of lignin  walls)? that resist
(i.e. AlF-defined lignin)  hydrolysis
and is determined
gravimetrically
CuO reaction High Mild oxidation by CuO  The recovery of lignin ***x*  Qrganicsolvents v v
was used to monomers may be low
depolymerize lignin due to incomplete
and release diagnostic ~ depolymerization of
phenolic monomers®*, lignin and the
The monomers overoxidation of lignin
released can be products®
quantified using
chromatography mass
spectrometry
techniques
Thioacidolysis High Thioacidolysis selectively Thioacidolysis mainly *rEx e Boron trifluoride v v
cleaves g-O-4 linkages  cleaves -O-4 linkages diethyl
in uncondensed ary! (often the dominant etherate
ether structures of linkage in angiosperms’) ¢ Organic solvents
lignin®. This process and thus may notably particularly diox-
releases well-defined underestimate the ane
diagnostic phenolic amounts of G-type lignin
monomers that can be by leaving intact the
quantified by linkages formed by the
chromatography mass  free C-5 position that is
spectrometry unique to G-type lignin.
techniques Quantifying dimers after
desulfurization may
improve this method's
representativity of lignin
in plant tissues®
Py-GC-MS (high- Moderate Pyrolysis uses high py-GC-MS did not ** - v v

throughput)

temperature to
decompose lignin
polymers under an
inert atmosphere and
releases a large number
of lignin-derived
products®. The released
compounds can be
quantified using
chromatography mass
spectrometry
techniques. Pyrogram
features may also be
used to construct
quantitative models
against reference lignin
estimates to predict
lignin content

distinguish between
lignin and
hydroxycinnamates,
which can form similar
pyrolysis products (e.g.
4-vinylphenol and 4-
vinylguaiacol)'®. In
addition, obtaining
individual response
factors for the pyrolysis
products required for
accurate quantification
can be challenging
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Table 1 (Continued)
Estimate of Estimate of
Lignin Labor  Hazardous lignin lignin
Lignin analysis specificity Method mechanisms Potential disadvantages intensity reagents abundance composition
FTIR-ATR (high- Low FTIR-ATR measures the A higher degree of * - v
throughput) mid-infrared region uncertainty in assigning

(from 4000 cm™" to
400 cm™") that
contains information
arising from molecular
vibrations'". The
abundance of lignin
can be assessed either
by measuring bands
characteristic of
functional groups in
lignin, or by
constructing
quantitative models
using FTIR spectra and
reference lignin
estimates

IR-absorbance to specific
molecules when present
in a complex matrix
makes IR a relatively less
specific technique. Lignin
characteristic bands (e.g.
¢. 1500 cm™") may
heavily overlap with
other bands that arise
from nonlignin
components™’

References: 1. Sluiter et al. (2010); 2. Preston et al. (2009); 3. Jurak et al. (2015); 4. Hedges & Ertel (1982); 5. Faust et al. (2018); 6. Rolando et al. (1992);
7. Del Rio et al. (2009); 8. Lapierre (1993); 9. Ralph & Hatfield (1991); 10. van Erven et al. (2018); 11. Smith (2011). Labor intensity is an approximate
estimate of the degree of labor and time required in the sample preparation process and the operation of the instrumentation used in each method, ranging
from low (*) to high (*****). CuO, cupric oxide; FTIR-ATR, Fourier transform infrared spectroscopy-attenuated total reflectance; Py-GC-MS, pyrolysis-

gas chromatography-mass spectrometry.

of aromatic skeletal vibration, and its relative intensity against
carbohydrate bands has been shown to correlate with lignin
abundance (Rodrigues ¢t al, 1998; Pandey & Pitman, 2004;
Horikawa ez al., 2019). A combination of FTIR-ATR and quanti-
tative modeling also exhibited a high degree of accuracy in predict-
ing lignin content (Fahey er al, 2017). The py-GC-MS and
FTIR-ATR studies cited here often investigated the lignocellulose
matrix from wood materials and focused on intraspecific variations
or a few tree species. Compared with wood materials, fine roots
have a very different tissue construction and are more chemically
heterogeneous. To our knowledge, the applicability of high-
throughput methods to the prediction of lignin properties in fine
roots across broad ranges of tree species, either through direct mea-
surements or predictive modeling, has not been explored.

Here, we compared five lignin methods (AIF analysis, CuO
oxidation, thioacidolysis, py-GC-MS, and FTIR-ATR) for esti-
mating the natural variability of lignin abundance and mono-
meric composition in fine roots across 34 tree species spanning

because the abundance and variation of AIF-defined lignin in fine
roots could be driven largely by non-lignin AIF materials. Specifi-
cally, we predict that AIF-defined lignin content is systematically
higher than that estimated using lignin-specific techniques, and
that the variation in AIF-defined lignin content is unrelated to
variation in estimates from lignin-specific techniques. (2) We
predict that the estimates of lignin abundance and monomer
composition obtained using lignin-specific methods are relatively
comparable due to limited interference from non-lignin materials
in these methods. Alternatively, (3) their estimates may vary from
each other due to their different mechanisms of releasing lignin-
derived compounds. Specifically, thioacidolysis may underesti-
mate the abundance of G-type lignin and leading to higher S : G
ratio estimates than CuO oxidation. We further examined the
applicability of high-throughput techniques (py-GC-MS and
FTIR-ATR), through both direct measurements and predictive
modeling, to capture the variability of lignin abundance and com-
position in fine roots across tree species.

major angiosperm clades (Fig. 1a). The primary aim of the study

was to assess the comparability of different methods and their

Materials and Methods

suitability for characterizing root lignin across tree species. Our

samples represent the variability of root traits found in plant
communities across biomes and global climate gradients
(Valverde-Barrantes ez al., 2015). We tested a set of hypotheses/
predictions for the comparability of lignin analyses. Our main
hypotheses are as follows. (1) The abundance of AIF-defined lig-
nin is disconnected from the lignin conten estimated by lignin-
specific techniques (CuO oxidation and thioacidolysis) in quanti-
fying root lignin across a broad range of tree species. This is

New Phytologist (2022)
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Root sampling

We sampled roots from 34 trees species in two tree collections:
The Holden Arboretum, Ohio (40°57'N and 82°28'W) and
Boone County Arboretum, Kentucky (38°57'N and 84°43'W),
during mid-summer (July—August) of 2010 and 2011, as
described in a previous study (Valverde-Barrantes ez al., 2015).
Samples from each species were taken from two adult trees within

© 2022 The Authors
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Fig. 1 Comparison of five analytical methods for estimating lignin abundance in fine roots (i.e. the most distal two orders of roots) across 34 angiosperm %
tree species. (a) List of the tree species with their phylogenetic relationships extracted from a molecular phylogeny in Zanne et al. (2014). The life history of g
these species and their representation in angiosperm super-orders are shown in Valverde-Barrantes et al. (2015). (b) Distribution of lignin content obtained é
using relatively lignin-specific methods (i.e. cupric oxide (CuO) oxidation, thioacidolysis, pyrolysis—gas chromatography-mass spectrometry (py-GC-MS), g
calibrated using a milled-wood lignin standard) and proximate acid-insoluble fraction (AIF) analysis. The box plots show the median (horizontal line), the g
interquartile range (box), and the whiskers (extending to the 5™ and 95™ percentiles, respectively), with individual biologically distinct root samples shown i
as circles. (c) Comparison of five methods of describing the variation in lignin abundance. To compare across methods, the tree species in five methods are 3
ranked in the same way: in ascending order of lignin abundance, as determined by the CuO oxidation method. Significant and positive linear trends along g
such an order of tree species were observed for all three compound-specific methods (CuO oxidation, thioacidolysis, and py-GC-MS) (P < 0.001) but were o
largely absent in AIF analysis and Fourier transform infrared spectroscopy coupled with attenuated total reflectance (FTIR-ATR). The data for each species 8
shown in (c) were obtained from the same biological root sample but by different methods (Supporting Information Table S1). 5
g
g
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a study site, with most of the species replicated at both sites
(Table S1). Roots were identified by tracing back to the main
stem, and a distal root segment was collected and preserved in
45 : 5 : 50, water : acetic acid : formalin as a reference. Root
samples for further analysis were collected from two soil cores
(10 cm diameter X 15 cm deep) within 2 m of the main stem
and were transported to the laboratory with ice. Roots were sepa-
rated from soil by soaking in water for 12 h and washing with
deionized water to minimize soil contamination. The cleaned
roots were compared to the reference for identification and were
separated into different orders according to the method described
by McCormack ez al. (2015). The distal two orders of roots (i.e.
fine roots), which are predominantly responsible for nutrient
acquisition and root turnover (McCormack ez al., 2015), were
included for chemical analysis. Roots were oven-dried at 65°C
for 48 h and ground using a GenoGrinder (Spex SamplePrep,
Metuchen, NJ, USA) at 500 rpm for 1 min. Due to sample limi-
tation, AIF analysis and CuO oxidation were performed for all
64 biologically different samples, while subsets of these samples
were performed for other methods (Table S1).

Acid-insoluble fraction analysis

The AIF analysis was conducted following the Klason protocol
described in Ryan ez a/. (1990); this has been documented in a
previous article (Valverde-Barrantes et al., 2015). Briefly, polar
and nonpolar extractives were removed by extractions of root
samples with methanol (50%, 3X) followed by two extractions
with dichloromethane. The extract-free residue was separated
into an acid-soluble fraction and an AIF through a two-stage
hydrolysis, first in 72% sulfuric acid (H,SOy) at 30°C for 1 h,
followed by 2.5% H,SO4 with autoclaving at 121°C for 2 h.
The AIF content was corrected for ash content after incineration

of the AIF at 500°C for 4 h.

Isolation of the lignin standard for lignin-specific methods

The milled-wood lignin was prepared as described previously by
Bjorkman (1956). Air-dried Liriodendron tulipifera sapwood was
milled in a Wiley mill to pass 40 mesh and then extracted with
90% (v/v) acetone and ethanol : benzene (2 : 1, v/v). The
extract-free wood was ball milled in a high-speed vibrating ball
mill (MSK-SFM-3, MTI Corp., Richmond, CA, USA) under an
N, environment with ¢. 70 g of force and a net milling time of
3 h. For every 2 min of milling a pause of 5 min was used to pre-
vent overheating. The milled wood was extracted with dioxane
(96%, v/v) for 24 h twice under mechanical stirring. The extracts
were dried in a rotary evaporator followed by a N, evaporator to
yield crude lignin isolates. The crude lignin was purified with
90% (v/v) acetic acid and 1,2-dichloroethane : ethanol (2 : 1, v/
v) to obtain purified lignin isolates. The isolated lignin shows a
high degree of purity (91.2 & 0.6% in duplicates, Klason lignin)
and was used as a lignin standard for lignin quantification via
CuO oxidation, thioacidolysis, and py-GC-MS, to calibrate for
the potentially incomplete depolymerization and loss of lignin-
derived products.
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Cupric oxide oxidation

The CuO oxidation procedure was according to Hedges & Ertel
(1982) with modifications. Samples with a mass of ¢. 40 mg were
extracted with methanol under sonication. Then, cell wall-bound
phenols were removed using mild-base hydrolysis with 1 N
NaOH at 85°C for 1 h. The remaining residue was dried and
incubated in acid digestion vessels (model 4749; Parr Instrument
Co., Moline, IL, USA) with CuO and Fe(NH,)5(SO4),.6H,O in
N,-sparged 2 M NaOH at 155°C for 160 min. After incubation,
samples were spiked with cinnamic acid and ethyl-vanillin
(10 pg ml™) as internal standards. The released lignin phenols
plus internal standards were extracted with pre-cooled ethyl
acetate after the pH was adjusted to < 2. The extracted
compounds were derivatized with N-methyl-N-(trimethylsilyl)-
trifluoroacetamide with 1% trimethylchlorosilane (MSTFA +1%
TMCS) and injected using 10 : 1 split ratio at 1 pl into GC-MS
(7890 system and 5975C mass detector; Agilent, Santa Clara, CA,
USA) with the injection port maintained at 270°C. The phenolic
compounds were separated on a DB5-MS column (30 m X
250 pm X 0.25 pm; J&W Scientific, Folson, CA, USA), with
the oven temperature starting at 70°C for 2 min followed by a
ramp at 10°C min~' to 270°C. Electron ionization was used,
with an ionization energy of 70 eV. The source and quadrupole of
the mass spectrometer were maintained at 250°C and 150°C,
respectively, with the electron multiplier at a constant gain of 2 and
the scanning range of the quadrupole at 50-600 amu. The same
mass spectrometer parameters were used for thioacidolysis and py-
GC-MS, unless otherwise stated. Twelve lignin-derived monomers
were identified and quantified based on retention time, mass spectra
and detector response of authentic standards (Table S2). Lignin
content (% w/w) was estimated based on a standard curve of inputs
of purified lignin vs their total yields of lignin phenols.

Thioacidolysis

Before thioacidolysis, ¢. 5 mg samples were extracted with metha-
nol under sonication. The extract-free mass was incubated with
1 ml of N,-purged thioacidolysis reagent consisting of 2.8% (v/
v) boron trifluoride diethyl etherate (> 47.5% BFj, Sigma-
Aldrich), 10% (v/v) ethanethiol (97%, Sigma-Aldrich), 87.2%
dioxane (v/v, Sigma-Aldrich), and bisphenol-E (internal stan-
dard, Sigma-Aldrich) at 100°C for 4 h. After incubation and
cooling, 500 pl of product mixture was transferred to a glass tube,
neutralized with 1 M sodium bicarbonate and acidified to pH
< 2. One milliliter of water and 500 pl of pre-cooled ethyl acet-
ate were added to the tube, vortexed, and left to sit for 10 min for
phase separation. A 50 pl quantity of ethyl acetate phase was
transferred to a GC vial and dried under vacuum. Next, 10 pl
pyridine and 50 pul MSTFA +1% TMCS were added for silyla-
tion at 50°C for 40 min. One microliter of derivatized sample
was injected ata 5 : 1 split ratio into GC-MS. The separation of
thioacidolysis products was attained using a DB5-MS column.
The column temperature was as follows: initial temperature,
80°C, ramped at 30°C min~" to 200°C (for 2 min), and then
ramped at 10°C min~" to 300°C (for 10 min). The data were
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acquired in selective ion monitoring mode for syringyl monomers
(299 m/z), coniferyl monomers (269 m/z), coumaryl monomers
(239 m/z), and bisphenol-E (343 m/z). The lignin-derived
monomers were quantified using the respective response factors
relative to bisphenol-E (Harman-Ware ez 4/, 2016). Lignin con-
tent (% w/w) was determined based on a standard curve of inputs
of purified lignin vs their total yields of lignin monomers.

Pyrolysis—gas chromatography-mass spectrometry

A 5150 pyroprobe (CDS Analytical, Oxford, PA, USA) directly
coupled to the GC-MS was used to conduct the py-GC-MS.
Approximately 2 mg of each sample was introduced into the
pyroprobe in the quartz tube and supported by packed quartz
wool (Ghetti ez al., 1996). The sample mass was determined based
on preliminary studies to obtain reproducible results across spe-
cies. The pyrolysis was performed at 500°C for 1 min. Helium
was used to carry the pyrolysis products to the GC-MS, with an
interface temperature of 300°C. Pyrolysis products were intro-
duced at a split ratio of 200 : 1 into the GC-MS. The pyrolysis
products were separated using a DB5-MS column, with the oven
temperature starting at 80°C for 2 min and ramping at 8°C
min~" to 300°C (for 7 min). Forty-one pyrolysis products were
identified by comparing retention time and mass spectra against
the signature fragments of lignin pyrolysis products published by
van Erven er al (2017) and confirmed using the NIST-Mass
Spectral library (2017; Table S3). We quantified lignin content as
per van Erven ez al. (2018). Specifically, the peak area of a lignin-
derived product was divided by its relative response factors (RRFs)
and multiplied by its molecular weight. Lignin content was then
determined based on the total corrected area of lignin-derived
products of each sample and that of the purified lignin as follows:

38  Aisample
Y RRE, < M ; X mignin

38  Ailigain
Z;’:] RRgF,v X M; X Msample

x 100%

Lignin content (%) =

where 7 refers to the compound number, A4 is the peak area, M is
the molecular weight, and  is the dry weight of the samples or
purified lignin. Since we used the RRFs published by van Erven
et al. (2017) and because py-GC-MS is less specific to lignin
compared with CuO oxidation and thioacidolysis, we considered
this method to be ‘semi-quantitative’ and further used pyrogram-
based multivariate modeling to predict lignin abundance. More
accurate quantification of lignin could be achieved using '*C-
labeled lignin as an internal standard (van Erven ez al., 2018).

Fourier transform infrared spectroscopy-attenuated total
reflectance

The FTIR spectrum was collected with a Thermo Scientific
Nicolet iS50 FT-IR Spectrometer (Thermo Fisher, Waltham,
MA, USA) using a diamond single reflection ATR accessory.
Sixty scans at a resolution of 4 cm ™" were recorded. A blank spec-
trum of air was taken as a background measure before each sam-
ple and was subtracted from the sample spectrum. The spectra

© 2022 The Authors
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were corrected using advanced ATR correction followed by
rubber-band baseline correction (Baker ez 4/, 2014) in a consis-
tent manner across all root samples using the OMNIC v.9.2 soft-
ware package. Band heights were measured against the baseline to
represent the intensity of the bands. The relative absorption
intensity of the band at ¢. 1508 cm™" (characteristic of aromatic
skeletal vibration) to the intensity of the band at 1370 em™! (C-H
deformation in polysaccharides, Pandey & Pitman, 2003), both
of which were present across all samples, was used to approximate
lignin abundance. We also used FTIR-spectrum based
multivariate-modeling to predict lignin abundance.

Method performance

Two sets of additional quality control (QC) materials were used to
examine the reproducibility of the lignin quantification methods.
For this purpose, oven-dried (65°C, 48 h) and pulverized Acer sac-
charum leaf litter and roots (< 2 mm in diameter) were used to rep-
resent plant dssues with relatively low and high lignin content,
respectively. The reproducibility of the lignin quantification meth-
ods was examined by replicate analyses of both QC materials on dif-
ferent days of analysis. High reproducibility was obtained for the
lignin content (RSD: 2.16 to 7.85%) and S : G ratios (RSD: 2.28
to 6.68%) in QC materials across the CuO reaction, thioacidolysis,
and py-GC-MS methods (Table S4). In addition, a subset of root
samples was analyzed in duplicate for these compound-specific
techniques, with RSD ranging from 0.05 to 9.35% (Table S4).
The AIF analysis and FTIR-ATR were performed in duplicate for
all samples and exhibited satisfactory reproducibility (RSD for AIF
%: 6.54 + 4.53%; RSD for relative intensity 1508 cm™" in FTIR
spectra: 4.62 £ 3.86%). To assess the overall accuracy of the proto-
cols and calibration methods used in the lignin quantification, we
additionally compared three inputs of purified lignin vs their esti-
mated lignin mass by CuO reaction, thioacidolysis, and py-GC-
MS, as external validation. The obtained slopes were close to 1 with

high # values (slope: 0.964 to0 0.976; #:> 0.995, Table S4).

Data analysis

Data analysis was performed using the R software package
(v.4.0.5). Pearson’s correlation analysis was performed to investi-
gate the pairwise relationships between estimates obtained using
different methods and between predicted and observed values.
One-way analysis of variance ANOVA was performed to deter-
mine whether phylogenetic clade had an effect on lignin compo-
sition, followed by Tukey’s HSD test for pair-wise comparison.
Data were log-transformed to improve the homogeneity of vari-
ance before being analyzed. We examined the relationships
between root diameter and lignin abundance with piecewise
models using the R software package SEGMENTED. The piecewise
model assesses ecological thresholds by fitting two lines with dif-
ferent slopes that join together at a threshold point (Muggeo,
2008). For this model, the Davies’ test was used to test the signif-
icant change of slope (i.e. the threshold of changes).

We used partial least squares regression (PLSR) and least abso-
lute shrinkage and selection operator (LASSO) approaches to
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calibrate high-dimensional data obtained from high-throughput
py-GC-MS and FTIR-ATR against lignin content and composi-
tion quantified by the lignin-specific CuO oxidation method.
The PLSR approach has been used frequently to predict lignin
content. However, PLSR is prone to overfitting and does not pro-
vide statistical significance for variables (Wold ez 4/, 2001). An
alternative technique, LASSO, has gained popularity, as it often
provides improvements over PLS-based models (Bujak et al,
2016; Erler ez al., 2020) and is easier to interpret by selecting rel-
evant features based on statistical significance (Bujak er al,
2016). All 41 pyrogram features were combined into a predictor
matrix for pyrolysis-based modeling. The FTIR-ATR spectra
were used to construct the predictor matrix for FTIR-based mod-
eling. We tested pre-processing algorithms for the FTIR-ATR
spectra: first derivative, second derivative, and vector normaliza-
tion. We used vector normalization for model fitting because this
algorithm consistently produced better model performance than
other algorithms. The predictor data were mean-centered and
scaled before model construction. Samples were split into two
groups, the first (80% of the total samples) being used for calibra-
tion and cross validation, and the second (20%) for prediction of
external samples. The calibration models for PLSR were devel-
oped using the R package LS and constructed with internal cross
validation, where the model with the smallest root mean square
error (RMSE) of n-fold cross validation was selected. For LASSO
model calibration, we first used cross-validation (package GLM-
NET) to identify the optimum 4 value that produced the lowest
RMSE. The most parsimonious model chosen by cross-
validation was then constructed using the function glmnet.

Results

Lignin abundance

Our data showed a broad range of variation in lignin abundance
across tree species (Fig. 1). As expected by hypothesis 1, the more
lignin-specific methods (CuO, thioacidolysis, and py-GC-MS)
generally agree on a range of 2-10% by weight for the lignin con-
tent of fine roots across 34 phylogenetically diverse tree species,
yet AIF analysis estimated an AIF-defined lignin content that was
¢. 5-10-fold higher, in the range of 21-50% (Fig. 1b). To com-
pare the variability of lignin content estimated by different meth-
ods, the tree species in five methods were ranked in the same
way, that is, following the ascending order of lignin content
determined by CuO oxidation. Again, AlF-defined lignin con-
tent exhibited a very different pattern of variation from the results
obtained using lignin-specific techniques (Fig. 1c). For example,
three lignin-specific techniques agreed that the lignin content of
Diospyros virginiana roots was among the lowest across 34 tree
species; however, D. virginiana exhibited a high AIF-defined lig-
nin content relative to other species. Consequentially, the AIF-
defined lignin content had a weak correlation or no correlation
with the findings of the lignin-specific methods (Table 2). The
correlation between the AIF-defined lignin content and lignin
content determined using lignin-specific methods was markedly
higher within more closely related species. The correlation
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Table 2 Pearson correlation matrix for lignin abundance of fine roots
obtained from five analytic methods across 34 angiosperm tree species,
and within the rosid clade.

CuO Thioacidolysis Py-GC-MS  FTIR-ATR

Across all species

Thioacidolysis 0.876*** (32)

Py-GC-MS  0.780*** (37) 0.738*** (30)

FTIR-ATR 0.038 (53) 0.045 (32) 0.224 (34)

AlF 0.298* (64)  0.340 (32) 0.144 37)  —0.328*

(53)

Within the rosid clade

Thioacidolysis 0.922*** (14)

Py-GC-MS  0.899*** (14) 0.815** (13)

FTIR-ATR 0.088 (19) 0.185 (14) —0.027 (13)

AlF 0.556** (25) 0.644* (14)  0.323(14) -0.010

(19)

Asterisks denote significant Pearson correlations (two-tailed; *, P < 0.05;
** P <0.01; *** P < 0.001). Bold numbers denote significance at

P < 0.05. Values are Pearson's correlation coefficients, with the sample
sizes in parentheses. We note that only values obtained from the same
biological root sample by different methods (see Table S1) were included
in the pairwise comparison. AlF, acid-insoluble fraction analysis; CuO, cup-
ric oxide reaction; FTIR-ATR, Fourier transform infrared spectroscopy-
attenuated total reflectance; Py-GC-MS, pyrolysis-gas chromatography-
mass spectrometry.

coefhicients between AIF-defined lignin content and CuO reac-
tion estimates increased from 0.298 (P = 0.019) across all species
to 0.556 (P = 0.005) within the rosid lineage; the correlation
between AIF-defined lignin content and thioacidolysis estimates
increased from being insignificant across all species to 0.644
(P = 0.024) within rosids (Table 2).

As expected by hypothesis 2, the methods that are highly speci-
fic to lignin (i.e. CuO oxidation and thioacidolysis), exhibited
comparable distributions and similar patterns of variation in the
lignin content of fine roots across tree species (Fig. 1b,c). The
median estimates of lignin content across 34 tree species were
similar for the CuO oxidation and thioacidolysis methods
(3.74% vs 4.12% w/w). They also had the highest correlation
coefficient (» = 0.876, P < 0.001, Table 2) among pairwise rela-
tionships across five lignin methods. In particular, these lignin-
specific techniques consistently showed that fine roots of many
magnoliids, such as Magnolia tripetala, Asimina triloba, and Mag-
nolia acuminata, were the least lignified (Fig. 1c). Lignin content
estimated using py-GC-MS also exhibited a significant and mod-
erate correlation with those estimated using CuO oxidation and
thioacidolysis (CuO oxidation, » = 0.780, P < 0.001; thioaci-
dolysis, » = 0.738, P < 0.001, Fig. 1; Table 2), but in several
species (e.g. Chionanthus virginicus) py-GC-MS estimated sub-
stantially higher lignin content than the other two methods.

The relative intensity of the lignin characteristic band observed
using the FTIR-ATR exhibited a strikingly different pattern of vari-
ation across tree species from that observed using lignin-specific
techniques (Fig. 1c). The intensity of this band did not correlate
with the lignin content determined using lignin-specific techniques
across all 34 species and within the rosid lineage (Table 2).

Using CuO oxidation for the same sample set, our previous
study demonstrated that lignin had a negative two-phase
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relationship with root diameter (Xia ez al., 2021). Next, we tested
whether this interspecific organization of lignin would be cap-
tured by AIF-defined lignin. Lignin content obtained from both
CuO oxidation and AIF analysis exhibited a general two-phase
relationship with root diameter (Fig. 2). However, the relation-
ship was stronger for CuO oxidation (CuO oxidation:
# = 0.363, P < 0.001; AIF: # = 0.212, P < 0.001), and the
threshold of the two-phase relationship was not significant for
AIF analysis (David’s test, P = 0.186, Fig. 2).

Lignin monomer composition

The S : G ratios estimated by CuO oxidation and thioacidolysis
exhibited similar patterns of variation across tree species and were
highly correlated with each other (» = 0.921, P < 0.001, Fig. 3;
Table 3). Although thioacidolysis is expected to underestimate
G-type lignin and thus produce higher S : G ratios than CuO
oxidation (hypothesis 3), the S : G ratios obtained via the CuO
oxidation and thioacidolysis methods exhibit a strong linear rela-
tionship, with a slope close to 1 (P < 0.001, Fig. 4). The S : G
ratios obtained using the py-GC-MS method exhibited moderate
correlations with those obtained by CuO oxidation (r = 0.668,
P < 0.001) and thioacidolysis (r = 0.614, P < 0.001, Fig. 3;
Table 3). The CuO oxidation, thioacidolysis and pyrolysis meth-
ods demonstrated similar distributions of S : G ratios across
three angiosperm lineages and were all able to distinguish the
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Fig. 2 Piecewise relationships between root diameter and lignin
abundance measured by cupric oxide (CuO) reaction and the proximate
acid-insoluble fraction (AIF) analysis.
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fundamental differences in lignin monomeric composition
among different phylogenetic clades, where rosids tended to grow
roots with lower S : G ratios than asterids (Fig. 3).

Two Asterids, Catalpa bignonioides and C. virginicus, showed
substantially lower S : G ratios for py-GC-MS than for other lig-
nin methods (Figs 3, 4). Consequently, correlations between py-
GC-MS and other methods improved when only rosids were
included (CuO: 7r=0.824, P <0.001; thioacidolysis:
r=0.742, P = 0.004, Table 2). The lower S : G ratios in these
two asterids were largely driven by 4-vinylguaiacol, which may
originate from hydroxycinnamates. This moiety accounted for
81.0% and 60.5% (w/w) of total G-type pyrolysis products in C.
bignonioides and C. virginicus, respectively, compared with an
average of 40.7 £ 7.0% for the rest of the species (Fig. S1). Sim-
ilarly, these two species also exhibited a strikingly high relative
abundance of 4-vinylphenol relative to other species (Fig. S1).
These observations suggest interference from hydroxycinnamates
in the estimates of lignin composition by py-GC-MS.

Predictive models based on high-throughput techniques

The py-GC-MS-based models predicted lignin content and com-
position with a high degree of accuracy (Fig. 5; Table 4). For lig-
nin abundance, the 7 and RMSE values of the PLSR calibration
model were 0.906 and 0.370, respectively; the 7 and RMSE val-
ues of the external validation were 0.958 and 0.271. Partial least
squares regression also showed good predictions for lignin mono-
meric composition (calibration: 7 = 0.952; RMSE = 0.094;
prediction: # = 0.932; RMSE = 0.101). The LASSO models
yielded slightly lower fittings than PLSR and exhibited lower #
and higher RMSE values in calibration models and external vali-
dation for both lignin content and composition (Fig. S2). How-
ever, LASSO provided chemically meaningful information about
the source of predictability (Tables S5, S6). The LASSO model
selected five characteristic S-type pyrogram features with positive
coefficients and five G-type features with negative coefficients to
predict S : G ratios (Table S6). Among pyrolysis products, 4-
vinylphenol is negatively related to lignin content and 4-
vinylguaiacol-although a major G-type product-was not selected
by LASSO as a predictor for the S : G ratio, further supporting
the idea that these moieties contribute to the discrepancy between
py-GC-MS and CuO reaction.

When coupled with modeling, FTIR-ATR spectra demon-
strated moderate prediction power to predict root lignin content
(Figs 5, S2; Table 4). The 7 and RMSE values of the FTIR-based
PLSR calibration model were 0.758 and 0.590 respectively; the 7
and RMSE values of the external validation were 0.797 and 0.694.
The FTIR-based LASSO model revealed key wavelength-clusters
for predicting lignin abundance (Table S7). Although a character-
istic band at ¢. 1500 cm™" often indicates the presence of lignin,
LASSO did not include this band in its selection of lignin predic-
tors. Rather, the wavelength clusters around 1125 nm~! (C-H
stretch potentially from guaiacyl and syringyl) and 1274 nm™'
(C-O of guaiacyl ring stretch, guaiacyl ring breathing) were posi-
tively related to lignin content. The wavenumber clusters around
906 cm™! (C-H deformation in carbohydrates) and 1432 cm™!
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Table 3 Pearson correlation matrix for the ratio of syringyl and vanillyl Discussion

units in lignin polymer of fine roots obtained from three analytic methods
across 34 angiosperm tree species and that within the rosid clade.

CuO

Thioacidolysis

Across all species

Thioacidolysis 0.921*** (32)

Py-GC-MS 0.668*** (37) 0.614*** (30)
Within the rosid clade

Thioacidolysis 0.773*** (14)

Py-GC-MS 0.824*** (14) 0.742** (13)

Asterisks denote significant correlations (**, P < 0.01; *** P < 0.001).
Bold numbers denote significance at P < 0.05. Values are Pearson's
correlation coefficients, with the sample sizes in parentheses. CuO, cupric
oxide reaction; Py-GC-MS, pyrolysis-gas chromatography-mass
spectrometry.

(symmetric CH, bending in cellulose) were negatively related to
lignin content and may be indicators of carbohydrates. The FTIR
spectra coupled with modeling was unable to accurately predict
lignin composition and exhibited lower # and higher RMSE in
calibration models than py-GC-MS-based models (Figs 5, S2;
Table 4). In the external validation, the predictions of S : G ratios
from FTIR-based models did not correlate significantly with the
observed S : G ratios.
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Because of its heteropolymeric nature, lignin in plants has been
analyzed using different methods, either proximate or lignin-
specific, across ecological studies. Here, we compared five analyti-
cal methods for measuring lignin abundance and monomeric
composition in fine roots across phylogenetically diverse tree spe-
cies and evaluated the comparability and suitability of methods of
lignin characterization (Table 5). Although AIF-defined lignin
has conventionally been used to indicate root chemistry and
related to root decomposition, the content of AIF-defined lignin
in fine roots was disconnected from the lignin content estimated
by lignin-specific techniques (Fig. 1; Table 2). Compared with
lignin-specific techniques, AIF-defined lignin content was system-
atically higher and the variability of AIF-defined lignin across tree
species was largely unrelated to that described using lignin-specific
techniques. In addition, AIF analysis appears to be less sensitive to
capturing biologically meaningful patterns of root lignin (e.g. the
relationship between lignin and root diameter, Fig. 3).

In comparison with wood tissues, for which AIF analysis was
originally designed, fine roots are more chemically complex and
can accumulate large amounts of non-lignin compounds (e.g. con-
densed tannins, proteins, suberins) that also contribute to the
acid-insoluble fraction of root tissues (Preston et al., 2009; Suseela
& Tharayil, 2018). Mycorrhizal fungi that frequently form

© 2022 The Authors
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Fig. 4 The relationship of the ratio of syringyl and guaiacyl (the S : G
ratio) characterized by three compound-specific analytical methods (cupric
oxide (CuO) oxidation, thioacidolysis, and pyrolysis—gas chromatography—
mass spectrometry (py-GC-MS)). The one-to-one line is shown as a solid
black line. The slopes () and P-values are shown for each pairwise rela-
tionship (i.e. CuO vs thioacidolysis and CuO vs py-GC-MS). The red
arrows highlight the two asterids Catalpa bignonioides and Chionanthus
virginicus, which showed considerably lower S : G ratios by py-GC-MS
when compared with those obtained using the other two methods.

symbioses with fine roots may further interfere with AIF analysis.
This is because mycorrhizal fungi could account for a significant
proportion of mycorrhizal root biomass (up to 10%, Ekblad ez 4l.,
1995) and fungal biomass was shown to be efficiently preserved in
the acid-insoluble fraction (Jurak er 2/, 2015). Condensed tan-
nins, suberins, and mycorrhizal fungal mass are not only abundant
in fine roots but are also responsive to environmental conditions
(Simard er al., 2012; Suseela & Tharayil, 2018). Large amounts
of, and high variability of, nonlignin AIF materials in root tissues
limit the ability of AIF analysis to appropriately isolate root lignin
and assess its quantity and variation. Significant nonlignin ATF
materials in fine roots may explain why fine roots, which are often
less lignified according to root anatomy (Guo ez al., 2008), fre-
quently exhibited higher quantities of AIF-defined lignin (in a
range of 25% to > 50%, w/w) than wood biomass, which was
found to have lignin content in the range of 10-30% (Fig. 6).
Lignin-specific techniques in this study agree on 2—10% (w/w) for
lignin content in fine roots across a broad range of tree species,
which is more closely in line with previous observations that fine/
absorptive roots often show a large cortex with limited lignifica-
tion and a lack of heavily lignified secondary tissues (Soukup ez al.,
2004; McCormack ez al., 2015). The disconnection between AIF
analysis and lignin-specific methods suggests that AIF-defined lig-
nin in fine roots should be interpreted differently from lignin as it
measures very different components of root chemistry. As such,
the widely observed negative effect of acid-insoluble fraction on
root decomposition may not necessarily result from the recalci-
trance of lignin but is a result of multiple components in root tis-
sues that are generally resistant to degradation. Thus, AIF might
corelate with rate of decomposition of tissue more than with any
of its chemical constituents. We also advise that research synthesiz-
ing root traits in large-scale studies should carefully consider the
lignin methods used because of the low comparability in terms of
both absolute quantity and variation of root lignin between AIF
analysis and other lignin methods.

© 2022 The Authors
New Phytologist © 2022 New Phytologist Foundation.

Methods

Our finding that the correlations between the contents of AIF-
defined lignin and those obtained from lignin-specific methods
improved within more closely related species demonstrates the
potential of AIF-defined lignin as a predictor for lignin content
within closely related trees. Phylogeny has been shown to explain
variations in root chemistry, where elemental concentrations, and
carbohydrate and phenolic profiles in roots tend to be more simi-
lar within more closely related species (Valverde-Barrantes et al.,
2015; Senior et al., 2016; Xia et al., 2021). Therefore, closely
related species may develop roots that are relatively similar in
terms of chemical composition and thus similar in their matrix
effects, leading to an improved correlation between the AIF-
defined lignin content and the lignin polymer content.

More lignin-specific methods such as CuO oxidation, thioaci-
dolysis and py-GC-MS exhibited fairly comparable estimates of
lignin content and composition, in terms of both quantity and
variation. Although thioacidolysis mainly cleaves f-O-4 linkages
and is expected to underestimate G-type lignin, lignin content
and S : G ratios estimated by CuO reaction and thioacidolysis
were highly correlated and exhibited a linear relationship at a
slope close to 1. The high degree of comparability between these
two methods may be a result of the fact that f-O-4 linkages are a
predominant bond type in lignin, accounting for 72-86% of the
lignin linkages in angiosperm trees (Del Rio ez al., 2009; Partha-
sarathi ez al., 2011; Talbot et al., 2012). In comparison, the esti-
mates of lignin content and composition obtained from py-GC-
MS exhibited lower correlations with estimates from CuO oxida-
tion and thioacidolysis. This discrepancy may partly arise as a
result of the interference of cell-wall bound hydroxycinnamates
in py-GC-MS. The substantially lower S : G ratios in C. bignon-
ioides and C. virginicus and the higher lignin content in C. vir-
ginicus estimated by py-GC-MS were largely driven by the
disproportionally high relative abundance of 4-vinylguaiacol and/
or 4-vinylphenol moieties that can be formed from both lignin
and hydroxycinnamates upon pyrolysis. Indeed, our previous
study showed that C. bignonioides and C. virginicus roots were
abundant in bound hydroxycinnamates (Xia ez al., 2021). They
had the highest and the third highest bound ferulic acid content
among all 34 species, and their bound hydroxycinnamate content
was 20% and 28% of their lignin content (Xia ez af, 2021, see
also Fig. S1). Additional steps, such as removing extractable and
ester-linked hydroxycinnamates or conducting pyrolysis in the
presence of tetramethylammonium hydroxide (Filley er 4/,
2006), would increase the lignin specificity of py-GC-MS.
Together, these findings demonstrate that the CuO reaction and
thioacidolysis were fairly comparable in their estimates of lignin
content and composition in fine roots of angiosperm trees,
whereas the bound hydroxycinnamates that are often abundant
in root tissues may significantly interfere with py-GC-MS charac-
terization of lignin.

Although direct measurement in root samples by py-GC-MS
may be interfered with by nonlignin materials, py-GC-MS com-
bined with multivariate models predicted lignin abundance and
composition with a high degree of accuracy. This highlights the
feasibility of py-GC-MS as a fast-screening technique for quanti-
fying lignin content and composition in fine roots across
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Fig. 5 Partial least square regression (PLSR) model fittings and external validations for the prediction of lignin content and monomeric composition in fine
roots (i.e. the most distal two orders of roots) across tree species based on high-throughput techniques. The model fittings for lignin contentand S : G
ratios obtained using the pyrolysis—gas chromatography-mass spectrometry (py-GC-MS) method are shown in (a) and (b), respectively, with the corre-
sponding external validations shown in (c, d). The model fittings for lignin content and S : G ratios based on Fourier transform infrared spectroscopy cou-
pled with attenuated total reflectance (FTIR-ATR) are shown in (e) and (f), respectively, with the corresponding external validations shown in (g, h). The
unity lines are shown as solid lines. The reference values of lignin abundance and monomeric composition were determined using cupric oxide (CuO) oxida-
tion analysis, which is lignin-specific.
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Table 4 Performance of partial least squares

regression (PLSR) and least absolute shrinkage Py-GC-MS FTIR-ATR

and selection operator (LASSO) models for Abundance Composition Abundance Composition

the prediction of lignin content and

monomeric composition across tree species PLSR

from high-throughput pyrolysis-gas chro- P 0.906 0.952 0.758 0.378

matography-mass spectrometry (py-GC-MS) RMSE_CV 0.849 0.164 1.146 0.408

and Fourier transform infrared spectroscopy No. of PLSR factors 5 5 7 2

coupled with attenuated total reflectance RMSE_calibration 0.370 0.094 0.590 0.332

(FTIR-ATR). RMSE_prediction 0.271 0.101 0.694 0.356

LASSO

r 0.845 0.891 0.643 0.306
A 0.084 0.045 0.095 0.116
DEV% 82.39 84.28 60.40 20.64
No. of predictors 11 11 17 5
RMSE_calibration 0.506 0.165 0.750 0.374
RMSE_prediction 0.402 0.162 0.608 0.412

DEV %, percent deviance explained by the model; RMSE, root mean square error.

Table 5 Assessment of five analytical methods of characterizing lignin properties in fine roots across angiosperm tree species.

Predictability for lignin via
Lignin analytical method Suitability of methods for different goals multivariate modeling

AIF analysis e Compared with lignin-specific techniques, AIF analysis systematically overestimates lignin -
content by c. 5-10 fold and is not a good predictor of the variation in root lignin content across
angiosperm tree species
¢ AlF-defined lignin may be a good predictor of the variation in root lignin within more closely
phylogenetically related trees
¢ AIF% in root tissues should be interpreted separately from lignin content as it measures dif-
ferent aspects of root chemistry from lignin polymers

CuO reaction followed e CuO and thioacidolysis are lignin-specific methods that are suitable for describing the vari-

by GC-MS ability of lignin abundance and composition in fine roots across angiosperm tree species
Thioacidolysis followed e These two methods, although based on different mechanisms, highly correlate with each
by GC-MS/SIM other in their measurements of lignin content and composition and are thus comparable in

characterizing lignin in fine roots across angiosperm tree species

¢ Because of the potentially incomplete polymerization and loss of lignin-derived products in
these methods, use of lignin standards with natural interunit linkages as a reference is essential
to obtaining more accurate lignin quantification

e They are not suitable for large-scale experiments because they are labor-intensive and/or
involve the use of hazardous reagents

Py-GC-MS (high- ¢ Direct measurement of py-GC-MS is less lignin-specific and generates a moderate correlation e High for lignin content
throughput) with lignin-specific methods in its estimates of lignin abundance and composition in roots. Py- e High for lignin monomeric
GC-MS of lignin may be significantly interfered with by cell-wall bound hydroxycinnamates composition

that are often abundant in fine roots

e |t can accommodate experiments with relatively large samples and limited sample amounts.
In this case, we recommend removing extractable and ester-bound hydroxycinnamates before
pyrolysis or performing thermochemolysis in the presence of tetramethylammonium hydroxide
to increases the specificity of pyrolysates.

e When combined with quantitative modeling, it exhibited a high degree of prediction power
for lignin content and composition, and thus may be a suitable tool for the large-scale screening
of lignin properties in fine roots across tree species

FTIR-ATR (high- e The lignin characteristic band (c. 1500 cm™") in IR spectra is not a good predictor of root lig- ® Moderate for lignin abun-
throughput) nin content across broad ranges of angiosperm tree species dance
¢ When combined with predictive modeling, FTIR spectra showed moderate prediction power ¢ Unable to predict lignin
for lignin content, but were unable to predict lignin composition. We recommend the use of monomeric composition

FTIR-ATR combined with modeling as a fast pre-screening tool for lignin abundance in fine
roots when lignin composition is not of interest

AIF, acid-insoluble fraction; CuO, cupric oxide; FTIR-ATR, Fourier transform infrared spectroscopy-attenuated total reflectance; GC-MS, gas
chromatography-mass spectrometry; GC-MS/SIM, GC-MS in selective ion monitoring mood; Py-GC-MS, pyrolysis-GC-MS.
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Fig. 6 Distribution of lignin content in wood biomass and fine roots across
tree species. The lignin content of wood biomass (brown circles) was taken
from published studies across 61 different biological wood samples from
25 genera spanning three major angiosperm clades (magnoliids, asterids
and rosids, Table S8). The lignin content of fine roots determined by AIF
analysis and lignin-specific methods (average of the estimates by CuO oxi-
dation, thioacidolysis, and py-GC-MS) were measured in this study (red
circles), with additional data points for lignin content from AIF analysis in
fine roots obtained from a data synthesis published by Xia et al. (2015)
that covers c. 30 temperate tree species from 14 genera (red triangles).
The box plots show the median (horizontal line), the interquartile range
(box), and the whiskers (extending to the 5 and 95" percentiles, respec-
tively).

phylogenetically diverse tree species. Although the FTIR band at
¢. 1500 cm™" proved to be a good lignin proxy in one, or a few,
species (e.g. Xia et al., 2017), its relative intensity was not a good
predictor of lignin content nor acid-insoluble fraction across
chemically diverse root samples. When coupled with multivariate
modeling, FTIR-ATR spectra showed moderate prediction
power in its prediction of root lignin content, yet completely
lacked the ability to predict lignin composition. The generally
low degree of accuracy of FTIR-ATR in predicting root lignin
may arise from the significant and variable matrix effects on the
IR spectra of root samples across phylogenetically diverse tree
species.

We acknowledge that the lignin-specific techniques also have
their limitations (Table 1). The CuO reaction, thioacidolysis,
and py-GC-MS are degradative methods that may modify the
natural chemistry of lignin. Incomplete reaction and loss of
lignin-derived products may also lead to underestimation when
only phenolic monomers are used as standards for lignin quantifi-
cation (Faust er al, 2018). Here we used mildly isolated lignin
that largely keeps natural lignin linkages (Sette e# al., 2011) as
external lignin standards to calibrate for the recovery rate of
lignin-derived monomers in each method. However, this did not
account for any matrix effects that may occur individually for
each chemically distinct sample. Using isotope-labeled lignin as
an internal standard may further improve the accuracy of lignin
quantification (e.g. van Erven ez al, 2017). Another considera-
tion is that we did not differentiate mycorrhizal fungal mass from
root mass, so lignin content was measured on the basis of the
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mycorrhizal roots as a whole. The presence of fungal mass in
roots may be probed and corrected by measuring ergosterol con-
tents in roots (Ekblad ef 4/, 1995). We note that our determina-
tion of lignin content on a mycorrhizal root basis is in line with
current decomposition and biogeochemistry studies that com-
monly measure the biomass of mycorrhizal roots as the input of
root litters to the soil.

Our data revealed a general disconnection between proximate
and lignin-specific methods in their estimates of lignin content in
fine roots across tree species and highlights the feasibility of py-
GC-MS combined with predictive modeling as a fast-screening
technique for describing the variation of lignin content and com-
position in fine roots. Overall, we evaluated the comparability
and suitability of lignin analytical methods in fine roots across a
broad range of tree species, which could provide a basis for the
interpretation of root lignin data and help make informed
methodology decisions for future studies.
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