
Phenolic profile within the fine-root branching orders of an
evergreen species highlights a disconnect in root tissue quality
predicted by elemental- and molecular-level carbon composition

Jun-Jian Wang1,2, Nishanth Tharayil3, Alex T. Chow1, Vidya Suseela3 and Hui Zeng2,4

1The Belle W. Baruch Institute of Coastal Ecology & Forest Science, Clemson University, Georgetown, SC 29442, USA; 2Shenzhen Key Laboratory of Circular Economy, Shenzhen Graduate

School, Peking University, Shenzhen 518055, China; 3School of Agricultural, Forest and Environmental Sciences, Clemson University, Clemson, SC 29634, USA; 4College of Urban and

Environmental Sciences, Peking University, Beijing 100871, China

Author for correspondence:
Jun-Jian Wang
Tel: +1 843 546 1013

Email: junjiaw@clemson.edu

Received: 5 December 2014
Accepted: 24 February 2015

New Phytologist (2015) 206: 1261–1273
doi: 10.1111/nph.13385

Key words: decomposition, fine roots, lignin,
lignin indices, organic matter, phenolics.

Summary

� Fine roots constitute a significant source of plant productivity and litter turnover across ter-

restrial ecosystems, but less is known about the quantitative and qualitative profile of phenolic

compounds within the fine-root architecture, which could regulate the potential contribution

of plant roots to the soil organic matter pool.
� To understand the linkage between traditional macro-elemental and morphological traits of

roots and their molecular-level carbon chemistry, we analyzed seasonal variations in mono-

meric yields of the free, bound, and lignin phenols in fine roots (distal five orders) and leaves

of Ardisia quinquegona.
� Fine roots contained two-fold higher concentrations of bound phenols and three-fold

higher concentrations of lignin phenols than leaves. Within fine roots, the concentrations of

free and bound phenols decreased with increasing root order, and seasonal variation in the

phenolic profile was more evident in lower order than in higher order roots. The morphologi-

cal and macro-elemental root traits were decoupled from the quantity, composition and tissue

association of phenolic compounds, revealing the potential inability of these traditional

parameters to capture the molecular identity of phenolic carbon within the fine-root architec-

ture and between fine roots and leaves.
� Our results highlight the molecular-level heterogeneity in phenolic carbon composition

within the fine-root architecture, and imply that traits that capture the molecular identity of

the root construct might better predict the decomposition dynamics within fine-root orders.

Introduction

Fine roots (≤ 2 mm in diameter) are critical components of plant
architecture as they take up nutrients and water which are vital
for maintaining plant productivity across ecosystems (Lynch,
1995; Rewald et al., 2011; Freschet et al., 2013; Warren et al.,
2015). Fine roots account for c. 48% of the net primary produc-
tivity in mature forest ecosystems (Freschet et al., 2013), and
their production and turnover regulate soil nutrient cycling and
atmospheric carbon (C) sequestration (Jackson et al., 1997;
Norby & Luo, 2004; Norby et al., 2004; Iversen, 2010). While
leaf litter largely decomposes on the soil surface, resulting in only
a small proportion of the degradation products entering soils
(Prescott, 2010), the turnover and decomposition of roots repre-
sent an important pathway for the formation of soil organic mat-
ter (SOM) (Bird et al., 2008; Mendez-Millan et al., 2010;
Mambelli et al., 2011). However, large ‘invisible’ uncertainty in
root dynamics, including root production, survival, and decom-
position, has significantly hindered our ability to accurately

forecast the root-derived C and nutrient cycling in terrestrial eco-
systems (Matamala et al., 2003; Luo et al., 2004; Hobbie et al.,
2010; Iversen et al., 2015).

Although > 65% of C sequestered in soil is derived from fine
roots (Richter et al., 1999; Pritchard et al., 2008), we still lack a
comprehensive understanding of the complexity in the construc-
tion of roots that regulates their decomposition. Traditional ele-
mental ratios (e.g. the carbon-to-nitrogen ratio [C : N]) that
predict the decomposition of leaf litter fail to forecast the propen-
sity for decomposition of fine roots (Silver & Miya, 2001; Hob-
bie et al., 2010; De Graaff et al., 2013), and meta-analysis of
global data estimates that the decomposition of fine-root litter
proceeds 2.8 times more slowly than the decomposition of leaf
litter from the same plant species (Freschet et al., 2013). Simi-
larly, a dichotomy exists within the fine-root orders in terms of
morphology and construct. Contrary to the traditional view that
considers fine roots as homogenous entities, recent studies show
that fine roots have significant heterogeneity within the branch-
ing architecture, and the distal roots (or the lower order roots)
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commonly have smaller root diameter and length (Pregitzer et al.,
1997), higher specific root area and specific root length (Wang
et al., 2012), a lower stele proportion (Guo et al., 2008), a higher
mycorrhizal colonization rate (Guo et al., 2008), a higher N con-
centration (Pregitzer et al., 2002), a lower C (also cellulose) con-
centration (Guo et al., 2004), greater absorption ability (Rewald
et al., 2011), a higher respiration rate (Xia et al., 2010), and
shorter longevity (Wells et al., 2002). Such heterogeneity in root
morphology and physiology is also reflected in the decomposition
susceptibility within fine-root orders. Despite a higher N concen-
tration, a lower [C : N], a high specific root area, and nonwoody
structure, which collectively should facilitate microbe-mediated
mineralization, the lower order roots commonly have a lower rate
of decomposition than the woody higher order roots. This
unusual pattern of root decomposition has been reported across
multiple species and ecosystems in which the branching-order
specific decomposition of fine roots has been investigated (Fan &
Guo, 2010; Goebel et al., 2011; Olajuyigbe et al., 2012; Sun
et al., 2013; Xiong et al., 2013; Wang et al., 2014). This chal-
lenges the current paradigm that links elemental ratios to the
decomposability of below-ground plant tissues (Hobbie et al.,
2010). This disconnect could be attributable to differences in the
chemical construct of the root tissues, as highlighted by the com-
pound-specific decomposition of aboveground tissues (Manzoni
et al., 2008; Suseela et al., 2013, 2014a).

Despite their lower abundance compared with polysaccharides,
phenolic compounds exert a disproportionate influence in con-
ferring recalcitrance to plant tissues. Phenolic compounds can
exist as nonassociated forms in cell vacuoles (free phenols), or can
be bound to cell wall components through ester/ether linkages
(bound phenols), or can form the structural matrix of lignin (lig-
nin phenols). While free phenols contribute to plant defense and
nutrient foraging (Hattenschwiler & Vitousek, 2000), phenolic
compounds that crosslink lignins to the cellulose matrix increase
the overall recalcitrance of the plant tissues (Boerjan et al., 2003).
The slower decomposition of lower order roots exhibits a nega-
tive correlation with the acid-unhydrolyzable fraction in these
roots (Xiong et al., 2013), which is often operationally defined as
‘gravimetric lignin’ (Preston et al., 2006, 2009). Similarly, within
the first and second root orders, pigmented roots decompose
more slowly than nonpigmented white roots (Goebel et al.,
2011), indicating the potential influence of polyphenolic deposi-
tions in regulating root decomposition. These observations sug-
gest that, within fine roots, the more ephemeral lower order roots
that decompose more slowly are a crucial contributor to SOM
(Fan & Guo, 2010). However, less is known about the possible
differences in the chemical profile within the fine-root architec-
ture and its temporal variation, which could be instrumental in
accurately forecasting root decomposability.

As they occupy the soil environment, which is laden with
pathogens and toxins, roots rely on heteropolymers such as lig-
nins, suberins and tannins to protect tissues from harmful
microbes and chemicals (Cooper & Owensmith, 1985; Bernays
et al., 1989; Hagerman & Butler, 1991; Hobbie, 2000). Fine
roots have a lower abundance of suberin as they are primarily
involved in the uptake of water and nutrients, but may have a

higher abundance of polyphenolic compounds, including tannins
and lignins, which have protective functions and provide the
structural rigidity necessary for navigation of the heterogeneous
soil matrix. Based on the function of the roots, the heteropoly-
meric composition of roots is also expected to change across sea-
sons and developmental stages. As the remobilization of the
structural matrix is limited, polyphenolic compounds undergo
relative enrichment during root senescence and thus could inter-
fere with the further decomposition of the root tissues. For exam-
ple, the relative abundance of lignin, one of the most slowly
decomposing components in plant biomass (Hobbie, 2000;
Boerjan et al., 2003; Suseela et al., 2013), could increase the recal-
citrance of roots. Thus, investigating the phenolic profile and its
seasonal variation in root and leaf could be instrumental in
understanding how the molecular identity of C varies between
these tissues, and across seasons, which might partly explain the
observed disconnect in the decomposability of roots and leaves
predicted using traditional elemental parameters.

The molecular identity and arrangement of phenolic
compounds within the tissue matrix can be of greater importance
than their total quantity in plant defense (Tharayil et al., 2011).
The specific functions and turnover rates of root orders could give
rise to distinctive phenolic profiles within fine roots, and if such
variations are consistent, the phenolic biomarkers could then be
used to identify different orders of fine roots. Monomeric phenol
biomarkers have been widely used in recent decades in organic
geochemistry and ecology. For example, pioneering research has
demonstrated that such biomarkers are helpful in tracing the
sources and fates of terrestrial and marine dissolved/deposited
organic matter (Goni & Hedges, 1995; Hedges et al., 1997; Ben-
ner, 2004; Tesi et al., 2012); they have also been used to evaluate
the decomposition of plant tissue and the subsequent contribution
of plant-derived compounds to SOM (Hedges et al., 1988; Benner
et al., 1991; Goni et al., 1993; Opsahl & Benner, 1995; Otto &
Simpson, 2006a; Nierop & Filley, 2007; Kuo et al., 2008; Pisani
et al., 2013). Several classic phenol indices have been widely
adopted as biomarkers, such as the ratio of syringyl : vanillyl phe-
nols (S : V ) to differentiate lignin sources of angiosperm and gym-
nosperm origin (Ertel et al., 1984), the ratio of cinnamyl : vanillyl
phenols (C : V ) to differentiate woody and nonwoody sources
(Hedges et al., 1986), and the ratio of acid to aldehyde of vanillyl
(Ad : Al(V )) and syringyl (Ad : Al(S )) phenols to evaluate the dia-
genetic state of lignin in natural samples (Hedges et al., 1988).
Other useful indices such as the 3,5-dihydroxybenzoic acid to van-
illyl phenol ratio (Bd : V ) (Prahl et al., 1994) for organic matter
degradation and the lignin phenol vegetation index (LPVI) for
taxonomic source identification of organic matter have also been
proposed (Tareq et al., 2004). Similarly, the catalytic efficiency of
lignin-degrading peroxidase enzymes has recently been linked to
phenol indices of SOM, which indicates the potential of phenol
ratios in predicting tissue decomposability (Triebwasser-Freese
et al., 2015). To our knowledge, no previous research has explored
the use of various phenol indices to identify specific root orders.

Considering the potential abundance, function, and dynamic-
ity of phenolic compounds in roots, we hypothesized that: (1)
similar to macro-elemental and morphological traits, the
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fine-root architecture will exhibit heterogeneity in the content
and association of phenolic compounds within the root matrix;
(2) the molecular-level phenolic composition and association
across fine-root orders will be independent of their respective
macro- elemental and morphological traits; and (3) compared
with higher order roots, lower order roots will exhibit higher tem-
poral variation in their phenolic chemistry because of their faster
turnover rates. We tested the above hypotheses by analyzing the
seasonal dynamics of phenolic compounds in roots and leaves of
Ardisia quinquegona, a shrub species with the most rapid increase
in number in the forest community succession at Dinghu Moun-
tain in South China, the first established subtropical nature
reserve in China (Zhou et al., 2004).

Materials and Methods

Study site and sample collection

Dinghu Mountain in South China (23°09021″–23°11030″N,
112°30039″–112°33041″E; 1155 hectares) has a mean tempera-
ture of 28°C in summer and 12.6°C in winter, and mean annual
precipitation of 1926 mm. The soil type in the study area is lato-
solic red soil, with surface SOM ranging from 2.94% to 4.27%
(Wang et al., 2012). The coniferous and broad-leaved mixed for-
est accounts for 46.4% of the area of the nature reserve after more
than half a century of succession from the pure Pinus massoniana
forest planted between the 1930s and 1950s. Ardisia quinquegona
Blume is a species that has become dominant in the herb layer
(where it is the second most abundant species), the shrub layer
(fourth most abundant species), and the tree layer (seventh most
abundant species) (Zhou et al., 2004). Root samples were col-
lected on six occasions, in January, April, June, August, October
and November in 2010, and in January in 2011, from plots
(400 m2) on a 35° south-facing slope (23°09038.5″N,
112°32028.9″E), with an elevation of between 200 and 300 m
above mean sea level. On each sampling occasion, three to five
mature shrubs that were > 3 m high with a diameter at breast
height (DBH) > 3 cm were randomly selected. For the root collec-
tion, we adopted the intact soil block (30 cm9 20 cm9 10 cm;
length9 width9 depth) method (Guo et al., 2004) to obtain five
to 10 complete root systems from each shrub with largest diameter
> 5 mm (containing more than five branching orders). All sequen-
tial root collection was from another soil block not far away from
the previous sampling block (< 1 m distance) next to the same
labeled plants to guarantee that the roots were from the same
source. For leaf samples, 20–30 well-grown intact leaves were ran-
domly selected from each plant. All samples were placed in labeled
bags on ice, and frozen within 12 h of collection.

Sample pretreatment and root trait determination

The frozen roots in the soil block were unfrozen at a low temper-
ature and rinsed with low-temperature deionized water (c. 1°C)
three to five times to remove the soil. Any remaining soil attached
to the roots was examined under a microscope at magnification
109 and removed carefully using forceps. According to the

branching-order classification (Fitter, 1982; Pregitzer et al.,
2002), the most lateral roots were defined as first-order roots;
roots from which two first-order roots branched were classified as
second-order roots, and so on. The roots were carefully separated
using forceps based on branch order, and the diameter and length
of individual roots were measured under a microscope (Motic
SMZ-140 Series, Xiamen, China) at magnification 10009 for
roots of the first order (n > 100), second order (n > 100), third
order (n > 50), fourth order (n = 10) and fifth order (n = 10).
The biomass of individual roots after drying (50°C) was
recorded. Tissue density (TD), specific root area (SRA), and spe-
cific root length (SRL) of different orders were also calculated.

The leaves were washed with Milli-Q water at low temperature
to remove any dust on the leaf surface. All roots and leaves were
dried (50°C), ground, sieved (through 200 mesh; 0.074 mm),
and kept at �20°C before analysis. The total C and N concentra-
tions of samples were measured using an elemental analyzer (Va-
rio EL Cube; Elementar, Hanau, Germany; Wang et al., 2012).

Sequential extraction of phenolics

The phenolic fractions (free phenols, bound phenols and lignin
phenols) have different biological significance; for example, the
unbound vacuolar fraction of phenolic compounds is involved in
the regulation of the redox state of a cell and in the synthesis of
polymeric phenols, whereas the bound phenolic fractions cross-
link the lignin matrix to cellulose and thus provide rigidity to the
tissue/organs. Hence, while the free-phenolic fraction may
exhibit some innate recalcitrance to decomposition at the molec-
ular level, the bound fraction and the lignin matrix increase resis-
tance to decomposition at the tissue/organ level. Thus, separation
of various phenolic pools through sequential extraction of plant
samples could provide greater insight into tissue carbon quality
(Martens, 2002; Suseela et al., 2014b) that regulates the decom-
position of plant tissues. We used sequential extraction to sepa-
rate the phenolic compounds into these three fractions (Fig. 1)
following the method of Tamura & Tharayil (2014), with
modifications. The ester/ether-bound phenols are recovered fol-
lowing a mild-base hydrolysis that cleaves these cross-linkages.
The phenolic compounds that constitute the lignin matrix are
seldom perturbed by mild-base hydrolysis and require oxidative
degradation at a higher temperature and pressure in the presence
of CuO (Hedges & Ertel, 1982).

Fig. 1 Schematic of the sequential extraction of phenolic compounds from
plant tissue to obtain different operational fractions.
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For the free-phenol fraction, 50.0 mg of sample was extracted
by shaking for 3 h with 2.5 ml of methanol in 8-ml glass tubes on
a rotary shaker at room temperature (20°C). After centrifugation
(1500 g for 15 min), 1.5 ml of supernatant was transferred to
amber GC vials and stored at �20°C. The remaining superna-
tant was discarded, and the pellet was washed with 2.5 ml of
methanol twice and then dried at 50°C overnight.

For the bound-phenol fraction, the methanol-extracted pellet
was hydrolyzed with 6 ml of freshly prepared 1M NaOH (pre-
sparged with Ar for 30 min) in 8-ml glass tube. Potential oxida-
tion of compounds was further minimized by maintaining an Ar
atmosphere in headspace during the hydrolysis. The tubes were
incubated in a water bath at 90°C for 3 h in the dark. After cool-
ing in an ice bath, the tubes were centrifuged and 4 ml of the
supernatant was transferred to a new glass tube. The residual
pellet was washed twice with 5 ml of deionized water, dried and
stored for the lignin analysis. To 4 ml of hydrolysate, 50 ll of
trans-cinnamic acid (CiAD) and ethyl vanillin (EVAL; both
400 mg l�1) was added as internal standards and 2 ml of 50%
HCl was added to reduce the pH to < 2. The tubes were then
centrifuged and the precipitate was discarded. The solution in
the tubes was cooled at 4°C for 20 min and extracted by shaking
with 2 ml of ethyl acetate on a rotary shaker for 15 min and
cooled for another 20 min at 4°C to facilitate phase separation.
The tubes were then centrifuged and 1 ml of the ethyl acetate
layer was transferred into GC vials and stored at �20°C.

The lignin fraction was oxidatively depolymerized in 23 ml of
Acid Digestion Vessels model 4749 (Parr Instrument Co.,
Moline, IL, USA), adopting a similar method as in Kaiser &
Benner (2012). The base hydrolyzed pellet was combined with
500 mg of CuO, 75 mg Fe(NH4)2(SO4)2�6H2O and 5 ml of
freshly prepared 2M NaOH (pre-sparged with Ar for 30 min) in
Teflon cups. The tubes were rinsed with 5 ml of 2M NaOH
twice and transferred to the Teflon cup. The cup was sparged
again with Ar for c. 3 min and immediately capped. The vessel
was carefully sealed and incubated at 155°C for 160 min. At the
end of the incubation, the vessels were rapidly cooled in an ice
bath to room temperature. The digestion mixture was transferred
to 50-ml centrifuge tubes and internal standards were added as
above. Approximately 1.5 ml of 24 N H2SO4 was added to each
tube to adjust the pH to < 2, and the tubes were gently shaken
(c. 5–10 min). The tubes were centrifuged and 12 ml of superna-
tant was transferred to a clean glass tube. The depolymerized lig-
nin-derived phenols were recovered using liquid–liquid
extraction with 2 ml of ethyl acetate at 4°C, and 1 ml of ethyl
acetate layer was stored in a GC vial at �20°C. During the above
sequential extractions, the samples and solutions were kept away
from direct light, and the temperature was maintained below
4°C, unless specified otherwise. Parallel blanks were also
extracted following the same procedures for quality assurance and
quality control.

Phenol derivatization and GC-MS quantification

Twelve phenolic monomers including p-hydroxybenzoic acid
(PAD), p-hydroxyacetophenone (PON), p-hydroxybenzaldehyde

(PAL), vanillic acid (VAD), acetovanillone (VON), vanillin
(VAL), ethyl vanillin (EVAL), syringic acid (SAD), acetosyrin-
gone (SON), syringaldehyde (SAL), cinnamic acid (CiAD),
p-coumaric acid (CAD), ferulic acid (FAD) and 3,5-dihydroxy-
benzoic acid (DiOHBA) were measured in all three phenol
fractions. The samples of three fractions were derivatized using
N-methyl-N-methyl-N- (trimethylsilyl)- triflouroacetamide with
1% trimethylchlorosilane (MSTFA + 1% TMCS) before analysis
using GC-MS. Combination of TMCS with MSTFA facilitates a
more efficient and complete silylation of active hydrogen groups
in the analyte. For the derivatization, 200 ll of extracted sample
was transferred to 300-ll low-volume vials and dried under an
N2 stream. Then 100 ll of derivatization reagent was added, vor-
texed and incubated at 65°C for 25 min. The derivatized samples
were analyzed within 8 h. One or two microliters of each sample
was injected using a 10 : 1 split into a gas chromatograph coupled
to a single quadrupole mass spectrometer (GC/MS Agilent 7890
system + Agilent 5975C mass detector; Santa Clara, CA, USA).
Helium was used as a carrier gas with a constant flow rate of
1.2 ml min�1. The temperature of the injection port was main-
tained at 270°C and the source and quad temperatures were set
at 150 and 240°C, respectively. The separation of phenolic com-
pounds was attained using a DB5-MS column (30 m9 250
lm9 0.25 lm; J&W Scientific, Folson, CA, USA). The initial
oven temperature was maintained at 80°C for 2 min, ramped at
10°Cmin�1 to 260°C. Both Scan (range m/z 100–400) and SIM
mode were used for identification and quantification. The blank
and standard recovery tests were conducted for QA/QC. The
limit of detection (LoD) for each of the 12 phenols ranged from
0.01 to 0.1 mg l�1, the recovery ranged from 91 to 117%, and
the relative standard deviations for blanks and standards were
both within � 5%.

Calculation of indices and statistical analyses

Excluding the internal standards (CiAD and EVAL), the sum of
the other 12 phenols was calculated as Σ12 phenolics and the car-
bon-normalized yield was noted as Λ12. Four classes of phenols
were also calculated: p-hydroxyl (P = PAD + PON + PAL), vanil-
lyl (V =VAD +VON +VAL), syringyl (S = SAD + SON + SAL),
and cinnamyl phenols (C =CAD + FAD). The yield of eight lig-
nin-derived phenols (V + S + C) was calculated and noted as Λ8.
As V phenols contribute to recalcitrant C-C linkages, the propor-
tion of vanillyl units in Λ8 was calculated as V : Λ8 (Triebwasser-
Freese et al., 2015). The lignin phenol vegetation index (LPVI)
was calculated as [S%(S% + 1)/(V% + 1) + 1]9 [C%(C% + 1)/
(V% + 1) + 1] according to Tareq et al. (2004), where V%, S%,
and C% are the percentages of V, S, and C in Λ8.

The significance of differences in all macro-elemental (C con-
centration, N concentration, and [C : N]), morphological (root
diameter, root length, specific root area, specific root length, and
tissue density), and phenolic traits (P, V, S and C phenol yield,
Λ12, Λ8, V : Λ8, S : V, C : V, Ad : Al(V ), Ad : Al(S ), Bd : V and
LPVI) among roots of the first five orders and leaves (except mor-
phological traits for leaves) were determined using ANOVA fol-
lowed by Dunnett’s t-test as the samples were paired by sampling

New Phytologist (2015) 206: 1261–1273 � 2015 The Authors

New Phytologist� 2015 New Phytologist Trustwww.newphytologist.com

Research

New
Phytologist1264



time. Based on the similarity from cluster analysis (Ward’s
method; squared Euclidean distance; Guo et al., 2013) of all the
traits captured in our study, the root orders were categorized into
lower order roots (first three orders) and higher order roots (root
orders 4 and 5). The significance of differences in all traits among
lower order roots, higher order roots, and leaves was determined
using ANOVA followed by Tukey’s honestly significant
difference test. Pearson’s correlation coefficients were calculated
among root traits for all root samples, as the data were normally
distributed. A principal component analysis (PCA) was used to
analyze the relationships among the standardized 21 root traits as
the Kaiser-Mayer-Olkin measure (overall and individual >0.8)
and Bartlett’s tests (P < 0.001) passed. Four components were
extracted, which explained 48.1%, 21.3%, 11.2% and 6.4%,
respectively, and 86.9% of the total variance (Supporting Infor-
mation Table S1). The component scores for all samples were
calculated on each of the principal components (Table S2). All
statistical analyses were conducted using SPSS 15.0 for Microsoft
Windows (SPSS Inc., Chicago, IL, USA) and the level of signifi-
cance for all analyses was set at 0.05.

Results

Root morphological and macro-elemental traits

In A. quinquegona, root diameter and root length consistently
increased from the first to the fifth orders, conferring the lower
order roots (root orders 1–3; R1–R3) with higher specific root
area and specific root length compared with the higher order
roots (root orders 4 and 5; R4 and R5; Table 1). Chemically,
the C concentration ([C]) generally increased and the N concen-
tration ([N]) consistently decreased with root order, resulting in
a consistent increase in the elemental C to N ratio ([C : N])
with root order (first order: 28.6� 0.7 mean� SE; fifth order:
65.8� 3.1). Although root [C], [N], and [C : N] did not vary
with season (P > 0.1), there was a consistent decrease in root
[C : N] from August to October and the lowest root [C] was
observed in October for all five branch orders (Fig. 2).

Variation in phenolic profiles among fine-root orders

The yield of free phenols consistently decreased as root order
increased at each sampling time (Figs 3a, 4a). Across all root
orders, VAD, SAD, and DiOHBA were the most abundant
mono-phenolic compounds in the methanol extracts, and phenol
abundance always followed: V phenols > S phenols > P phe-
nols > C phenols. Within P, V and S phenols, the relative abun-
dance of phenols followed: acid > aldehyde > ketone (Fig. 3a).
The variation in the composition of phenolic monomers
(V : S : P : C or acid : aldehyde : ketone) was greater in lower order
roots compared with higher order roots.

The yield of bound phenols generally decreased with increas-
ing root order, except for the first-order roots which had slightly
lower VAD and SAD yields than the second-order roots. FAD
did not exhibit a definite trend with root order (Fig. 4b). Thus,
Λ12 of the bound phenols also decreased with increasing root

order (Fig. 4b). FAD was the most abundant among the 12
monomeric phenols (accounting for 22.6–48.8%) in all root
samples, followed by the aldehyde or acid of S or V phenols. The
phenolic ketones were less abundant than the respective alde-
hydes or acids in all P, V and S phenols (Fig. 3b).

For the lignin fraction, the yields of P and C phenols and
DiOHBA appeared to decrease with root order (Fig. 3c). How-
ever, we did not observe such a consistent decreasing trend with
root order for V and S phenols, which were the major compo-
nents of the 12 phenols (accounting for 93.9–97.7%). Within
the distal three orders, most of the monomeric phenols and Λ12
showed decreasing trends with increasing root order.

Seasonal variation in root phenolics

The Λ12 of all phenol fractions across all root orders was highly
season-dependent (P < 0.05), except for free phenols (P = 0.22).
For the free and bound fractions, the root samples in October
presented rather different patterns compared with other months.
The Λ12 of the free-phenol fraction (all < 400 lg g-C�1 except
for the first order in October) showed an increasing trend from
August to October for roots of the distal three orders (P < 0.05;
Fig. 4a), but appeared to be relatively stable for the higher order
roots (i.e. the fourth- and fifth-order roots; P = 0.67) across sea-
sons. For the bound fraction, the Λ12 ranged from 2.57 to
5.09 mg g-C�1 and had distinct troughs in October for both all
orders and the distal three orders (P < 0.01; Fig. 4b). For the lig-
nin fraction, the Λ12 ranged from 16.3 to 41.8 mg g-C�1 among
the different root orders across different times of collection
(Fig. 4c). Roots collected in October had a significantly lower lig-
nin-phenol yield than roots collected in January, April, and June
(P < 0.01; Fig. 4c). Roots of the distal three orders had a higher
lignin-phenol yield in June than in August and October
(P < 0.01; Fig. 4c).

Difference between roots and leaves

Across seasons, leaves showed distinct chemical dynamics com-
pared with roots, and there was no correlation in the seasonal pat-
terns between leaves and roots for [C], [N], [C : N], and Λ12 of
free phenols, bound phenols, lignin phenols and total phenols (all
P > 0.05). Quantitatively, the leaves had both higher [C] and [N]
than all fine roots, and comparable [C : N] (27.5� 1.3) to the
first-order roots. The root samples consistently had a higher yield
of structural phenols than leaves (Fig. 4), including both the
bound (c. 2 times) and lignin phenols (c. 3 times).

Phenol indices

The lower order roots (R1–R3), higher order roots (R4–R5), and
leaf samples differed in the composition of monomeric phenols.
The S : V of total phenols followed: R1–R3 (3.07� 0.23) > R4–
R5 (2.14� 0.13) > leaves (1.45� 0.04), whereas the C : V fol-
lowed: leaves (0.65� 0.09) > R1–R3 (0.30� 0.03) > R4–R5
(0.21� 0.01) (Fig 5a). For different phenol fractions, the lower
order roots, higher order roots, and leaves were located in
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different regions in the S : V vs C : V plot (Fig. 5b). For free phe-
nols, leaf samples had higher C : V (1.13� 0.56) and lower S : V
(0.31� 0.07) than roots (overall S : V: 0.84� 0.08; C : V:
0.25� 0.03). Bound phenols had a relatively narrow S : V range
but a wide C : V range for all samples (Fig. 5b), with an S : V
ranking of leaves (0.61� 0.02) < R4–R5 (0.72� 0.03) < R1–R3
(0.82� 0.03), and a C : V ranking of R1–R3 (1.23� 0.07)
< R4–R5 (1.59� 0.14) < leaves (4.73� 0.41). Lignin phenols
had a wide S : V range but a relatively narrow C : V range, with
an S : V ranking of leaves (1.62� 0.05) < R4–R5 (2.32� 0.15)
< R1–R3 (3.63� 0.09), and a C : V ranking of higher order roots
(0.041� 0.004) < R1–R3 (0.091� 0.013) < leaves (0.14� 0.02).

Across seasons, Ad : Al was highest in August for both leaves
and the distal three orders of roots (Fig. 5c). Ad : Al(V ) of total
phenols was higher in R1–R3 than R4–R5 and leaves (P < 0.01)
(Fig. 5c, Table 1). Different phenol fractions had rather different
Ad : Al, with a ranking of free phenols (c. 1–8) > bound phenols
(c. 0.5–3) > lignin phenols for all samples (P < 0.001; Fig. 5d).
There were significant differences in the Ad : Al of free phenols
and the Ad : Al(V ) of bound phenols between higher and lower
order roots, but not for lignin phenols. The V : Λ8 followed R1–

R3 < R4–R5 < leaves. For both Bd : V and LPVI, R1–R3 had
higher values compared with R4–R5 (Table 1). Compared with
roots, leaves exhibited a higher Bd : V value but lower LPVI
(Table 1).

Multivariate analysis

The common root morphological and macro-elemental traits did
not correlate with most of the root phenol yields (all correlation
coefficients < 0.4, except for P phenol yield; Table S3). The mor-
phological and macro-elemental traits were independent of root
phenol yields as they exhibited differential loadings on the two
principal component axes (Fig. 6a; Table S1). Further, R1–R3
and R4–R5 clustered differently across PC axis 1, which explained
48.1% of the variation. The root orders R4–R5 had higher ele-
mental C, C : N, root length and diameter and relative proportion
of vanillyl units, whereas R1–R3 had higher elemental N, specific
root length and area, and all other phenol ratios including LPVI
(Fig. 6b).

Discussion

In this study, we unambiguously demonstrated seasonal and
molecular-level heterogeneity in phenolic composition between
the roots and leaves and within the fine-root branching architec-
ture of an evergreen shrub. Despite a similar [C : N] between
lower order roots and leaves, the three times higher lignin-phenol
yield and two times higher bound-phenol yield in fine-root
orders than leaves could explain the slower decomposition of
roots of this species (J-J. Wang et al., unpublished data). The
pattern of higher yields of free and bound phenols in the distal
fine-root orders observed in this study, if also found across other
species, could partly explain the field-observed slower decomposi-
tion of lower order roots of several tree species despite their
higher N content compared with higher-order roots (Fan & Guo,
2010; Goebel et al., 2011; Olajuyigbe et al., 2012; Sun et al.,
2013; Xiong et al., 2013; Wang et al., 2014). Given the critical
roles of phenolic compounds in tissue construct, SOM forma-
tion, and C and N biogeochemistry, our results provide insightful
implications for the role of phenolics in the functioning and
decomposition of fine roots.

Heterogeneity in the composition of phenolics in roots:
implications for root functions

The fine roots of A. quinquegona exhibited significant branching-
order-dependent patterns in the concentration, composition, and
indices of phenols, that is, decreasing trends for free phenols and
bound phenols with increasing root order. These results are
clearly suggestive of molecular heterogeneity of phenolic C
within fine-root systems, which is in agreement with our first
hypothesis. The three fractions of phenols have different roles in
the root construct and rhizosphere functions. The free-phenolic
compounds are important component of root exudates and help
plants in the active acquisition of mineral nutrients, especially
metal ions, through chelation, pH reduction and redox

(a)

(b)

(c)

Fig. 2 Seasonal variation in (a) carbon (C), (b) nitrogen (N), and (c)
carbon:nitrogen ratio (C : N) in roots and leaves of Ardisia quinquegona.
Each data point represents the mean of three replicates. R1–R5 refer to
fine-root categories from first order to fifth order.
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alterations (Tharayil, 2009; McNear, 2013). Thus, the decreasing
free-phenol yield with increasing root order may reflect the lesser
involvement of higher order fine roots in exudate-mediated active
nutrient foraging (Wang et al., 2012; Guo et al., 2013). As a con-
sequence of their ability to deter pest/pathogen attack, free phe-
nols could also act as defense compounds in young roots during
the formative stage before significant lignification occurs (Beck-
man, 2000). The phenolic cross-linkages within lignocellulose
and the limited suberin matrix would contribute to the bound
phenols measured in this study (Lam et al., 2001). The bound

phenols are important in the early stages of litter decomposition
as they cross-link lignins with the cell wall and thus serve as a
structural barrier that impedes microbial access to labile C com-
pounds (e.g. polysaccharides and proteins; Austin & Ballare,
2010; Suseela et al., 2014a). Also, cross-linking hydrophobic phe-
nols with the hydrophilic polysaccharide components of cell walls
greatly enhance the hydrophobicity of vascular tissue to guarantee
high hydraulic conductivity and water uptake efficiency (Sarka-
nen & Ludwig, 1971; Baxter et al., 2009), especially for the lower
order roots (Rewald et al., 2011). In contrast to the distribution

(a)

(b)

(c)

(d)
Fig. 4 Seasonal variation in the sum of the
yield of 12 phenols (Λ12) in (a) free phenols,
(b) bound phenols, (c) lignin phenols, and (d)
total phenols of root and leaf samples. The
bar graph represents mean� SE across six
sampling periods (left to right: R1–R5 and
leaf). Letters at the top of each bar indicate
significantly different groups. R1–R5 refer to
fine-root categories from first order to fifth
order.

(a)

(b)

(c)

Fig. 3 The carbon-normalized amount of 12
monomeric phenols in the (a) free, (b)
bound, and (c) lignin fractions of root and
leaf samples. Bars represent mean� SE
(n = 6). The 12 phenolic monomers are: PAL,
p-hydroxybenzaldehyde; PON, p-
hydroxyacetophenone; PAD, p-
hydroxybenzoic acid; VAL, vanillin; VON,
acetovanillone; VAD, vanillic acid; SAL,
syringaldehyde; SON, acetosyringone; SAD,
syringic acid; DiOHBA, 3,5-dihydroxy-
benzoic acid; CAD, p-coumaric acid; FAD,
ferulic acid. R1–R5 refer to fine-root
categories from first order to fifth order.
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patterns of the free and bound phenols, the C-normalized con-
centration of lignin phenols, which provide the structural frame-
work of the roots, were similar across the root orders (Fig. 4).

The similar abundance of lignin phenols across root orders might
partly reflect the rigidity of the root construct required to over-
come the mechanical resistance of the soil matrix to root naviga-
tion. Despite this similar content of lignins, the lower order roots
may be more resistant to microbial degradation as a result of bet-
ter integration of lignin within the root matrix, as evident from
their higher content of phenolic cross-linkers (bound phenols).

Both correlation analyses (Table S3) and PCA (Fig. 6a) sug-
gested that the measured phenol yields (V, S, C, Λ8 or Λ12, except
P) were probably independent of root morphological or macro-
chemical traits, which is in agreement with our second hypothesis.
This result suggests that the root morphological or macro-elemental
traits could not directly capture the molecular-level C composition
within the fine-root architecture. The P phenols correlated
significantly with the root morphological or macro-chemical traits,
possibly because p-hydroxybenzaldehyde and p-hydroxybenzoic
acid could be derived from sources other than lignin, such as tan-
nins (Otto & Simpson, 2006b). The higher relative abundance of
S phenols (advanced end-products with higher construction costs
per molecule; Boerjan et al., 2003) than V phenols in lower order
roots (Fig. 5a) reflects a potential change in the biosynthesis of lig-
nin monomers along root orders. As the C5 of the aromatic ring is
not available for a coupling reaction in S phenols, this higher abun-
dance of S phenols than V phenols in lower order roots could con-
tribute to more b-O-4 inter-unit linkages (Boerjan et al., 2003).
These aryl-ether linkages are less rigid compared with C-C inter-
unit linkages in V-phenol-abundant lignins, thus providing greater
structural flexibility in lower order roots.

Seasonal variation in phenol composition in fine-root orders

We observed active root growth in April and greater root senes-
cence in October, which was consistent with the previous obser-
vation that there was lower live root biomass and higher root

(a)

(b)

(c)

(d)
Fig. 5 The phenol index diagrams for (a, c)
total and (b, d) fractional phenols in root and
leaf samples. Relationship between C :V
(cinnamyl : vanillyl phenols) and S : V
(syringyl : vanillyl phenols) are represented in
(a) and (b). Total yields of phenol monomer
units: vanillyl (vanillin + acetovanillone +
vanillic acid); syringyl (syringaldehyde +
acetosyringone + syringic acid); cinnamyl
(p-coumaric acid + ferulic acid) units. (b) and
(c) represent acid to aldehyde ratios for
vanillyl Ad : Al(V) and syringyl phenols
Ad : Al(S). R1–R5 refer to fine-root categories
from first order to fifth order.

(a)

(b)

Fig. 6 Principal component analysis (PCA) for root morphological, macro-
chemical, and phenolic traits of fine-root samples. (a) Trait loadings show the
first two principal components, and the blue, red, green, and gray arrows show
high loading in the first four sequential principal components, respectively. (b)
The component scores of the lower order and higher order roots on the first
two principal components. R1–R5 refer to fine-root categories from first order
to fifth order. See Table 1 for an explanation of abbreviations.
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necromass in October at this study site (Wen et al., 1999). The
relatively low leaf N concentration (as an index of photosynthetic
activity; Evans, 1989) in October (Fig. 2) indicated a potentially
low supply of photosynthates for root growth later in the season.
The decreasing root [C : N] from August to October (Fig. 2) also
suggest that some of the C fraction in roots was being resorbed.
Yet, in contrast to leaf aging/senescence, the root samples did not
show an obvious decrease in [N] (Fig. 2), suggesting that the
plants retrieved less N from fine roots during senescence. We
propose that the observed lack of extensive N resorption from
roots could partly be attributable to the fact that a larger portion
of N in roots is contributed by transmembrane carrier- and
channel-proteins that are actively involved in the uptake and
intercellular transport of resources (Tischner, 2001). Inaccessibil-
ity of proteins, which are embedded in the membrane (intrinsic
proteins), to proteases could hinder their resorption during senes-
cence (Thomas et al., 2002). In contrast, Rubisco, the most
abundant protein in leaves, is a soluble extrinsic membrane
protein and hence is more vulnerable to breakdown resorption
during leaf senescence. Additionally, the warmer and subtropical
climate with less seasonal variation in temperatures may also have
contributed to the observed lower dynamics of N concentration
in fine roots. Trees in northern temperate climates experiencing
distinct seasons have shown decrease in root N concentration
later in the growing season (Xia et al., 2010; Jia et al., 2011;
Zadworny et al., 2015).

Notably, the yield of bound phenols decreased from August to
October during root senescence, while the yield of free phenols
in lower order roots sharply increased (Fig. 4). It is highly likely
that, during the resorption that precedes the senescence of roots,
the bound phenolic compounds are actively cleaved by plant
esterases (Melillo et al., 1992) resulting in the observed increase
in free phenols. As the bound phenols are mostly cross-linked to
the structural polysaccharides through ester and glycosidic link-
ages (Iiyama et al., 1994), the breakdown of labile polysaccha-
rides during the early stage of root senescence (Fukuda, 1996)
may also lead to the remobilization of bound phenols. This the-
ory is supported by the observation that the lower order roots,
which have a shorter life-span (Wells et al., 2002; Xia et al., 2010;
McCormack & Guo, 2014), exhibited the highest spike in free
phenols from August to October (Fig. 4a), and is in agreement
with our third hypothesis that lower order roots would exhibit
higher temporal variation in their phenolic profile.

By contrast, the root lignin phenols did not show a consistent
change across the seasons for different root orders (Fig. 4c), prob-
ably as a result of the strong ether and C-C linkages within the
lignin phenols which are relatively resistant to enzymatic cleav-
age. Across different root orders, the higher order roots main-
tained a much less fluctuating phenol profile compared with the
lower order roots (Fig. 4), indicating a much slower turnover rate
and relatively stable biochemistry for higher order roots.

Variation in phenol indices with root order and season

During lignin degradation, side-chain oxidation of monomeric
phenols can increase Ad : Al for both vanillyl and syringyl species

(Hedges et al., 1988; Opsahl & Benner, 1995; Otto & Simpson,
2006a). Extensive investigations have revealed that Ad : Al(V )
and Ad : Al(S ) are reliable indicators of the diagenetic degree of
organic matter. For example, Hedges et al. (1988) reported that
the Ad : Al increased from 0.14 in undegraded tissues to as high
as 0.51 for wood degradation. Opsahl & Benner (1995) found
that Ad : Al increased by c. 1.2–2.8 times (from c. 0.2–0.4 to
c. 0.4–0.9) after 4 yr of decomposition for green bald cypress
(Taxodium distichum) needles and mangrove (Avicennia
germinuns) leaves. The Ad : Al values of the distal three root
orders were season-dependent and were highest in August, which
could have been caused by high temperatures in summer oxidiz-
ing more phenols to acids (Paul, 2006; Feng et al., 2008).
Although all the samples were from live biomass, Ad : Al showed
large variation across root orders (0.09–0.21 on average; Table 1),
suggesting that such indices should be used with caution to indi-
cate the diagenetic degree of subsamples from root branches (even
all < 2 mm) or from soils that contain large amounts of fine roots.

Ecological implications of the molecular identity of carbon
in roots and leaves

Both leaves and fine roots are important biomass with fast turn-
over rates that form the precursors of SOM (O’Brien & Iversen,
2009). Although the leaves and the first-order roots of the studied
species had similar elemental [C : N] values, they differed signifi-
cantly in their phenolic composition. The roots had two to four
times higher structural phenol yield compared to leaves (Fig. 4),
implying that the lower order roots of the studied species have a
much higher potential than leaves to resist microbial degradation
and contribute to SOM (Bird et al., 2008; Mambelli et al., 2011;
Tamura & Tharayil, 2014). It should be noted that, within
leaves, the petioles and veins often exhibit differential molecular
chemistry from the rest of the lamina. Thus, the decomposition
pattern of leaves could also show high tissue-dependent variabil-
ity (Filley et al., 2008; Crow et al., 2009). Future studies on the
molecular-level C quality of different plant tissues across several
plant species would extend our knowledge of plant physiological
functions and biogeochemical cycling.

Within the fine-root orders, recent studies have widely
reported that ephemeral fine roots (nonwoody lower order roots),
despite their lower [C : N] and higher specific root area (greater
accessibility to microorganisms in soil), decomposed much more
slowly than longer lived roots (Fan & Guo, 2010; Goebel et al.,
2011). The C quality reflected by various phenol fractions could
be more important than [C : N] in controlling the decomposition
of fine roots. For example, despite similar lignin contents,
compared to higher-order roots, we observed a higher abundance
of ester-bound phenolics in lower-order roots, which may
enhance the integrity of the nonphenolic root-tissue matrix
through cross-linkages with lignin. Extensive phenol cross-link-
ages, along with the transmembrane nature of proteins in roots,
could make the N in these tissues less accessible to microbes, thus
hindering the decomposition of lower order roots despite their
lower [C : N]. Commonly, across plant species, lower order roots
are often lower in cellulose content (Dornbush et al., 2002; Guo
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et al., 2004). If this is the case for A. quinquegona, the observed
trend in bound phenols and lignin content will result in a higher
phenol-to-cellulose ratio in lower order roots of this study spe-
cies, which would in turn facilitate extensive integration of cellu-
lose with the lignin matrix, and thus a greater recalcitrance of
distal fine roots. For example, compared with pure cellulose, a
small fraction (c. 5%) of the lignin in the cellulose matrix could
significantly enhance the recalcitrance of biomass to enzymatic
degradation, and decrease the decomposition rate by half (Austin
& Ballare, 2010). Within the fine-root architecture, as the root
lifespan is known to increase geometrically with increasing
branch order, and as the root lignin phenol concentration in
lower order roots is either comparable to or higher than that in
higher order roots, we can conclude that the flux of phenols to
the SOM pool would be higher from lower order than from
higher order roots for A. quinquegona.

Molecular-level carbon quality of fine roots: implications
for modeling

Although fine roots represent one of the most dynamic plant
organs with regard to their response to the environment, they
remain the most simplistic component of many terrestrial bio-
sphere models (Iversen, 2010; Smithwick et al., 2014; Iversen
et al., 2015). In terrestrial biosphere models, many ecosystem pro-
cesses are simplified to simulate these processes at broad spatial
and temporal scales (Warren et al., 2015). However, for models
to be accurate in their predictions, such simplifications should be
built on a mechanistic understanding of those processes at much
finer scales (Schulze, 2014). The large-scale models that simulate
biogeochemical cycling (e.g. CLM 4.5 BGC) in Earth System
Models parameterize root decomposition and allocate root litter
to different soil pools based on the C and N contents of roots
(Iversen et al., 2015). The heterogeneity of phenolic composition
within the fine-root orders captured in our study, combined with
the results from recent field-level fine-root decomposition experi-
ments, suggests that the molecular-level identity of the root C
might exert an overriding influence in shaping the recalcitrance
within different fine-root orders. Thus, irrespective of the [C : N],
the higher abundance of free and bound phenols in lower order
roots could be more critical in predicting root decomposability.
To further simplify the branching-order-based classification,
recent studies have proposed that fine roots be categorized into an
ephemeral absorptive pool and a longer lived transport fine-root
pool based on their distinct morphology, life span, mycorrhizal
colonization, and respiration (Xia et al., 2010; McCormack et al.,
2015). The variation in phenolic profile within fine-root orders
captured in our study strongly supports this proposed classifica-
tion. Our analyses show that finer roots can be further grouped
into lower order (R1–R3) and higher order (R4–R5) with respect
to the ratio abundance of phenolics and various phenolic indices
(Table 1; Figs 5a, 6b). This bifurcation, which effectively captures
the chemical profiles within fine-root orders, would provide
higher resolution to the current single-root pools in biogeochemi-
cal models without adding to model complexity. Overall, our
results suggest that the molecular-level composition of C has the

potential to provide valuable insights into fine-root dynamics in
terrestrial ecosystems and could be used to better parameterize
root decomposition in large-scale models.
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