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* Background and Aims Condensed tannin (CT) is an important compound in plant biological structural de-
fence and for tolerance of herbivory and environmental stress. However, little is known of the role and location
of CT within the fine roots of woody plants. To understand the role of CT in fine roots across diverse species of
woody dicot, we evaluated the localization of CT that accumulated in root tissue, and examined its relationships
with the stele and cortex tissue in cross-sections of roots in 20 tree species forming different microbial symbiotic
groups (ectomycorrhiza and arbuscular mycorrhiza).

* Methods In a cool-temperate forest in Japan, cross-sections of sampled roots in different branching order
classes, namely, first order, second to third order, fourth order, and higher than fourth order (higher order), were
measured in terms of the length-based ratios of stele diameter and cortex thickness to root diameter. All root sam-
ples were then stained with p-dimethylaminocinnamaldehyde solution and we determined the ratio of localized
CT accumulation area to the root cross-section area (CT ratio).

* Key Results Stele ratio tended to increase with increasing root order, whereas cortex ratio either remained un-
changed or decreased with increasing order in all species. The CT ratio was significantly positively correlated to
the stele ratio and negatively correlated to the cortex ratio in second- to fourth-order roots across species during
the shift from primary to secondary root growth. Ectomycorrhiza-associated species mostly had a higher stele
ratio and lower cortex ratio than arbuscular mycorrhiza-associated species across root orders. Compared with
arbuscular mycorrhiza species, there was greater accumulation of CT in response to changes in the root order of
ectomycorrhiza species.

* Conclusions Different development patterns of the stele, cortex and CT accumulation along the transition from
root tip to secondary roots could be distinguished between different mycorrhizal associations. The CT in tissues
in different mycorrhizal associations could help with root protection in specific branching orders during shifts in
stele and cortex development before and during cork layer formation.

Key words: Arbuscular mycorrhiza, condensed tannin, cool-temperate forest, cortex, ectomycorrhiza, fine roots,
primary root, proanthocyanidin, root anatomy, secondary roots, stele.

Accepted: 13 February 2021

INTRODUCTION

Fine roots (defined as roots with a diameter of <2 mm) are the
most active and dynamic part of tree root systems in terms of
water and nutrient uptake (Pregitzer et al., 2002; McCormack
et al., 2015; Addo-Danso et al., 2016). Assimilated carbon
in plants, often allocated to below-ground parts, accounts for
10-50 % of net primary productivity in the production and turn-
over of fine roots (Jackson et al., 1997; Gaudinski et al., 2010;
Finér et al., 2011). This represents a major flux of ecosystem
carbon into soils, where root and root-associated carbon plays
a key role in soil carbon sequestration (Drake et al., 2011; Tefs
and Gleixner, 2012; Clemmensen et al., 2013).

Fine-root systems of woody dicot plants are composed
of heterogeneous root branches with primary and secondary
structure development (Peterson et al., 1999; Pregitzer

et al., 2002; Evert, 2006; Centenaro et al., 2018). New
roots with primary structure development, mainly in the
sub-apical part, have a living cortex and are responsible
mainly for water and nutrient absorption (Peterson et al.,
1999; Brundrett, 2002; Evert, 2006). As they mature, woody
dicot roots undergo secondary structure development with
radial growth, i.e. as a consequence of an increase in root
diameter there is a reduction in the proportion of absorp-
tive tissue, owing to a loss of cortex (Wells and Eissenstat,
2002; Kumar et al., 2007). During root secondary growth,
secondary vascular cambium and cork cambium develop in
the basal part. Roots undergoing secondary structure devel-
opment are of primary importance with respect to resource
transportation, storage and stress tolerance (Hishi, 2007;
Kumar et al., 2007; Rewald et al., 2012). Therefore, the
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secondary structure of woody dicot roots represents a major
shift in root function from absorption to transportation ac-
cording to the root branching order (Wells and Eissenstat,
2002; Hishi, 2007; McCormack et al., 2015).

Several studies have examined root anatomical structures
according to diameter and branching order, where first-order
roots are the most distal roots and second-order roots include
the point where two first-order roots arise from a parent root.
Secondary xylem is more common in second- and higher-order
roots than in first-order roots (Eissenstat and Acher, 1999;
Hishi and Takeda, 2005). Guo et al. (2008) revealed that the
first-order roots of 23 Chinese temperate tree species exhibited
greater cortex development and stele underdevelopment than
higher-order roots. Determinations of species-dependent stele
and cortex characteristics, based on anatomical observations
of root cross-sections, can contribute to enhancing our under-
standing of the differences between resource acquisition and
transport functions (Kong et al., 2014; Mao et al., 2018).

To perform these root functions in the natural field, the roots
must survive. However, fine roots usually face biotic and abi-
otic stresses (Ramakrishna and Ravishankar, 2011; Huber and
Bauerle, 2016), such as herbivores (Johnson et al., 2016), patho-
gens, microbial symbionts, nutrient limitation (Eissenstat et al.,
2000), saline conditions, drought (Sdnchez-Blanco et al., 2014)
and low temperatures (Ryypp0 et al., 1997). Consequently, most
new small roots die, have a relatively short lifespan (95-336 d)
and do not undergo secondary development (McCormack et al.,
2012). Wells et al. (2002) reported that roots with smaller diam-
eters face greater risks of mortality, whereas thicker roots have
a longer lifespan. Baddeley and Watson (2005) showed that
an increase in diameter of 0.1 mm in fine roots was associated
with a 16 % decrease in mortality risk. In addition, the lifespan
and turnover of fine roots vary widely among species (Coleman
et al., 2000; Withington et al., 2006; McCormack et al., 2012).
Considerable seasonal variation in root production and mor-
tality among different species was observed in 12 temperate
species in the eastern USA (McCormack et al., 2014) and in
five temperate species in north-eastern China (Gu et al., 2017).
Such survivorship has often been found to be species-specific
in terms of growth behaviour and phenology (Steinaker et al.,
2010; McCormack et al., 2014, 2015).

However, the characteristics of surviving roots amidst subter-
ranean stresses remain largely unknown. The protective char-
acteristics of developing surviving roots should be elucidated.
Plants synthesize specific defensive chemicals, such as the
secondary metabolites lignin and tannin, as a survival strategy
(Bennett and Wallsgrove, 1994). In particular, condensed
tannin (CT; also known as proanthocyanidin) binds to proteins
non-specifically, thus exhibiting toxicity in some insects and
herbivores and antimicrobial effects for fungi and other micro-
organisms (Constabel ef al., 2014). Condensed tannin also pro-
tects seeds, bark, leaves, the pericarp and roots from biological
stresses (Ayres et al., 1997; Dixon et al., 2005; Barbehenn and
Constabel, 2011; Constabel et al., 2014) and is often found in
the organ tissues of woody plants (Porter, 1994). In several spe-
cies, CT concentration is induced by biotic and environmental
stresses in leaves or fruits under growing conditions (Osier and
Lindroth, 2001; Peters and Constabel, 2002; Ramakrishna and
Ravishankar, 2011), suggesting that CT could play key role in

adaptation to environmental stresses. Osawa et al. (2011) ob-
served CT accumulation in seedling root cells and suggested
that roots with a large accumulation area of CT could facilitate
the expansion of epidermis cells in an aluminium-rich environ-
ment. The majority of studies showing a role of root CT have
come from non-woody plants and laboratory experiments, and
this knowledge has not yet been applied to woody roots in nat-
ural forests. Thus, efforts to better understand CT in woody root
tissues can provide useful measures of a protective strategy.
On the basis of the findings of previous studies, it has been
established that the high-CT tissue in tree roots may reduce
palatability and attractiveness to root-feeding insects and con-
tribute to root protection at the cellular level. However, it gives
rise to a crucial question: how does the CT-accumulating tissue
in roots relate to the root anatomical traits of forest tree species?
To answer the question, we focused on the CT-accumulating
tissue in roots as well as the root stele and cortex of forest tree
species and elucidated the intra- and interspecific variation in
CT and anatomical traits across orders and species of tree roots.
Another issue that needs attention is differences in the
effects of tree species on optimum root development and
function, which often helps our understanding of root de-
fence and the conservation of acquired soil resources under
adverse conditions (Kong et al. 2014; Mao et al. 2018). In
this regard, evidence indicates that root functional traits can
be categorized according to phylogenetic types (e.g. gymno-
sperms and angiosperms) and mycorrhizal symbiosis types
[ectomycorrhizae (EM) and arbuscular mycorrhizae (AM);
Guo et al., 2008; Comas and Eissenstat, 2009]. Previous
studies have shown that gymnosperm roots could be more
resource-conservative, while angiosperm roots could be more
acquisitive for water and nutrients (Liese ef al., 2017; Yahara
et al., 2019). In addition, EM species are considered more
protective than AM species (Phillips et al., 2013). Although
root functional traits could be understood by classification
with respect to both phylogenetic types and root—mycorrhizal
symbiotic types, it remains unclear whether the basic patterns
and variability in root anatomical development along the root
branching order should exist with respect to phylogenetic
types and mycorrhizal types. In addition, the relationships of
anatomical traits, such as cortex and stele, with CT accumu-
lation are generally unknown among woody plant species. To
understand commonalities and differences between tree spe-
cies, we used a wide variety of trees with four different com-
binations of phylogenetic and mycorrhizal symbiosis types
(gymnosperm—-EM, gymnosperm—AM, angiosperm—EM and
angiosperm—AM) from a cool-temperate mixed forest in
Japan. Using an integrated anatomical approach in 20 tree
species, we measured the thickness of the stele and cortex,
the location of CT according to branching-order-based clas-
sification, and relationships among these traits. We targeted
four classes based on branching order, namely, first-order,
second- to third-order, fourth-order and higher-order (higher
than fourth-order), in root cross-sections. This study had the
following objectives: (1) to understand the intra- and inter-
specific development patterns of the cortex, stele and CT ac-
cumulation in tissue according to root branching order class
and tree species; (2) to determine the relationships between
CT accumulation in tissues and the cortex and stele across
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root branching order class and tree species; and (3) to char-
acterize the different phylogenetic and microbial symbiosis
types via a combination of root anatomical traits.

MATERIALS AND METHODS

Study area

The field study was conducted in deciduous broad-leaved
and coniferous forests in Tomakomai Experimental Forest,
Hokkaido University, northern Japan (42°40” N, 141°36" E).
The study area is located on flat land, and mean annual pre-
cipitation and air temperature in the area are 1190 mm and
6.7 °C, respectively (1999-2018). Monthly mean air tem-
perature ranges from —9.5 to 22.2 °C. The forest grows in
shallow Volcanogenous Regol soils, with a depth of <0.5 m,
that have developed on a 2-m-deep volcanic ash layer that ac-
cumulated after eruptions of Mt Tarumae in 1667 and 1739
(Shibata et al., 1998). The mean soil electrical conductivity
and pH are 115.0 puS cm™ and 5.2, respectively. The dom-
inant tree species in deciduous broad-leaved forest are Quercus
crispula associated with Acer pictum, Sorbus alnifolia and Tilia
maximowicziana (Hiura, 2001). In coniferous forests, one de-
ciduous species, Larix kaempferi and >30 evergreen species
such as Picea glehnii, Abies sachalinensis and Chamaecyparis
obtusa were planted >40 years before this study.

We collected root samples from 20 tree species (Table 1)
that covered two phylogenetic groups, namely gymnosperms
and angiosperms, and two microbial symbiotic groups, namely
EM and AM. The tree species were classified into four groups:
gymnosperm—-EM (e.g. Picea glehnii, Pinus densiflora, Larix
kaempferi, Abies sachalinensis and Picea abies), gymno-
sperm—AM (e.g. Taxus cuspidata and Chamaecyparis obtusa),
angiosperm—-EM (e.g. Alnus hirsuta, Ostrya japonica, Tilia
maximowicziana, Betula platyphylla, Ulmus davidiana and
Quercus crispula) and angiosperm—AM (e.g. Acer pictum,

Cercidiphyllum  japonicum, Magnolia kobus, Magnolia
obovata, Cornus controversa, Phellodendron amurense and
Fraxinus mandshurica) (Smith and Read, 2008).

Root sampling

All tree root samples were collected over 3 weeks from mid-
August to early September 2018. We selected three mature
trees >26 years old (diameter at breast height > 15.0 cm, mean
27.3 cm) per species. We located large root systems around the
target tree and traced them back to the parent trunk to identify
the species within 300 cm of the trunk. For each target species,
larger intact root systems were gently exposed from the soil
and then sampled using pruning shears and small knives. We
collected a total of 60 intact fine distal root segments from three
target trees per species with first- to sixth-order branching. All
root samples were placed in a cooler to retain moisture and
transported to the laboratory within 1 h for anatomical study.

In the laboratory, all large root samples were gently washed
with tap and distilled water to remove the attached soil. The
fine-root samples (with diameters of <2.0 mm) were divided
into living and dead roots based on root colour, cohesion of
stele and periderm, root elasticity and morphological status.
Fine roots with light colour, intact stele and periderm were
usually regarded as living roots (Vogt and Persson, 1991;
Hertel and Leuschner, 2002). Living roots <2 mm in diameter
were classified into four classes, namely first-order, second- to
third-order, fourth-order and higher-order (higher than fourth-
order), using Vernier callipers and a stereomicroscope based
on root-branching order according to Pregitzer et al. (2002),
with the most distal segments classified as first-order. After
first-order roots, two joint roots of the same order (xth) gave
the order (x + 1th) to their parent roots (Mao et al., 2018).
The first- to third-order, fourth-order and higher-order roots
were referred to diameter-based classes of <0.5, 0.5-1.0 and

TABLE 1. Species information on taxonomy, mycorrhizal symbiosis, leaf habits and xylem type of 20 tree species examined in this study

Species Family Taxonomy Mycorrhizal symbiosis Leaf habit Xylem type
Picea glehnii Pinaceae Gymnosperm EM Evergreen Tracheid
Picea abies Pinaceae Gymnosperm EM Evergreen Tracheid
Pinus densiflora Pinaceae Gymnosperm EM Evergreen Tracheid
Larix kaempferi Pinaceae Gymnosperm EM Deciduous Tracheid
Abies sachalinensis Pinaceae Gymnosperm EM Evergreen Tracheid
Taxus cuspidata Taxaceae Gymnosperm AM Evergreen Tracheid
Chamaecyparis obtusa Cupressaceae Gymnosperm AM Evergreen Tracheid
Ostrya japonica Coryloideae Angiosperm EM Deciduous Diffuse porous
Alnus hirsuta Betulaceae Angiosperm EM Deciduous Diffuse porous
Betula platyphylla Betulaceae Angiosperm EM Deciduous Diffuse porous
Tilia maximowicziana Tiliaceae Angiosperm EM Deciduous Diffuse porous
Ulmus davidiana Ulmaceae Angiosperm EM Deciduous Rings porous
Quercus crispula Fagaceae Angiosperm EM Deciduous Rings porous
Acer pictum Sapindaceae Angiosperm AM Deciduous Diffuse porous
Cercidiphyllum japonicum Cercidiphyllaceae Angiosperm AM Deciduous Diffuse porous
Magnolia kobus Magnoliaceae Angiosperm AM Deciduous Diffuse porous
Magnolia obovata Magnoliaceae Angiosperm AM Deciduous Diffuse porous
Cornus controversa Cornaceae Angiosperm AM Deciduous Diffuse porous
Phellodendron amurense Rutaceae Angiosperm AM Deciduous Rings porous
Fraxinus mandshurica Oleaceae Angiosperm AM Deciduous Rings porous

AM, arbuscular mycorrhizae; EM, ectomycorrhizae.
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1.1-2.0 mm, respectively. Because the first- to third-order
roots of P. glehnii, A. sachalinensis, P. abies, T. cuspidata,
C. obtusa, M. kobus and P. amurense had slightly thick diam-
eter, they were categorized not as <0.5 mm but <0.6 mm. For
the anatomical measurements, all roots were fixed in 2.5 %
glutaraldehyde and kept at 4 °C for 2 weeks.

Histochemical analyses

For anatomical measurements, samples from the intact root
system for each species were separated by branching order.
Roots were excised from the root system according to root
diameter class using a razor blade. The root fragments were
embedded in optimal cutting temperature compound (Sakura
Finetek Japan, Tokyo, Japan) and frozen at —60 °C for at least
48 h. The frozen samples were transferred to a freezer at —20 °C
~1 h before slicing. The embedded roots were sliced into
cross-sections with thicknesses of 10-30 pm using a freezing
microtome (CM1950, Leica, Tokyo, Japan). To avoid the de-
struction of internal structures during slicing, the cross-section
was pasted to self-adhesive film based on Kawamoto’s (2005)
method. The root sections in each class were photographed
under a light microscope (BX51; Olympus, Tokyo, Japan;
Fig. 1, Supplementary Data Fig. 1). The anatomical traits,
including root diameter (mm), cortex thickness (mm) and stele
diameter (mm), of each root cross-section were measured in
three directions using SPOT Advanced software (version 4.0;
Diagnostic Instruments, Sterling Heights, MI, USA) and mean
values of each length were calculated. We then calculated the
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length-based ratios (mm/mm) of cortex thickness to root diam-
eter (cortex ratio) and stele diameter to root diameter (stele
ratio). The cortex and stele ratios would reflect the relative im-
portances of woody resource absorption and transport (Kong
etal.,2014).

The cross-sections were then stained with 1 % (w/v) p-
dimethylaminocinnamaldehyde (DMACA) solution, which
was dissolved with 3 N HCI and 50 % (v/v) methanol for
30 min to detect CT in the root sections. DMACA stains CT
blue, and this colorimetric method has been used to quan-
tify CT concentrations in plants (Li et al., 1996) and visu-
alize CT distribution in plant organs and cells (Bogs et al.,
2007; Osawa et al., 2011). Therefore, the area stained blue
by DMACA was regarded as the area of accumulation of
CT tissue. The stained cross-section was placed on a glass
slide and photographed under a light microscope (BX51;
Olympus, Tokyo, Japan).

The position of the endodermis and presence of the cork layer
were observed under a light microscope (BX51; Olympus)
equipped with a WU filter (excitation, 330-385 nm; dichroic
mirror, 400 nm; emission, >420 nm). The blue-stained areas
were defined with respect to the following ranges of three
colour attributes (colour phase, 60—150; chromaticity, 20-80;
and brightness, 70—145). The stained cross-sectional areas of
accumulated CT were classified with reference to a defined
colour range and determined using image analysis software
(WinRHIZO 2013; Regent Instruments, Quebec, Canada).
The total CT ratio was calculated by dividing the blue-
stained cross-sectional area by the root cross-sectional area
(Supplementary Data Fig. S1).

Mycorrhizal Root order
symbiosis
Taxonomy (species) 1 2-3 4 >4
EM
(Larix kaempferi)
Gymnosperm == -----ccceeooo @ --------

AM &
(Chamecyparis obtuse)

500 um

EM
(Ostrya japonica)
Angiosperm

AM
(Magnolia kobus)

R RS ¢

F1G. 1. Root cross-sections stained with DMACA along root branching orders in Larix kaempferi, Chamaecyparis obtusa, Ostrya japonica and Magnolia kobus.
Location of CT accumulation in the root is shown by a blue colour.
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Statistical analyses

For each root diameter class, the ratios of cortex thickness
to root diameter, stele diameter to root diameter, and area of
accumulated CT in cross-sectional samples were averaged
for each target tree. For each species, means and standard
errors were calculated for each root anatomical trait (n = 3).
The effect of species on each root trait was tested using one-
way analysis of variance. Tukey’s HSD test (P < 0.05) was
used to identify differences in root traits between species.
To compare these differences, relative values were calcu-
lated by dividing the measured values by the mean values
for each root trait. Regression analyses were performed be-
tween total CT ratio and cortex or stele ratio. Principal com-
ponent analyses were conducted using the cortex, stele and
total CT ratios as parameters. All statistical analyses were
performed in R version 3.5.1 software (R Development Core
Team, 2016).

RESULTS

Stele and cortex ratios of different classes of root branching order

The ratios of cortex thickness to root diameter (cortex ratio) and
stele diameter to root diameter (stele ratio) differed significantly
among root order classes in all tree species (Fig. 2, Table 2).
Stele ratio tended to increase with increasing root order, whereas
cortex ratio either remained unchanged or decreased with
increasing order in all species (Supplementary Data Table S1).
The stele and cortex ratios had similar patterns along root order
across species, but the magnitudes of changes differed between
species (Fig. 2). The cork layer of the roots appeared from
the second- and third-order roots in several species and was
often observed in higher-order roots in which the cortex was
disappearing (Supplementary Data Table S2).

Total CT ratio in different classes of root branching order

Blue-stained areas were observed in 16 species, but four
angiosperm—AM species (M. kobus, M. obovata, P. amurense
and F. mandshurica) showed almost no colouring based on
three colour attributes for evaluation criteria (Fig. 3P, Q, S, T,
Supplementary Data Table S3). In the roots of the 16 species
with blue colouring, we observed four patterns in the area-based
ratio of CT accumulation tissue to root cross-section (total CT
ratio) with increasing root order (Fig. 3, Supplementary Data
Table S3). In the first type, the total CT ratio tended to decrease
significantly with increasing root order, as seen in C. obtusa
(gymnosperm—AM; Fig. 3G), A. hirsuta (angiosperm—EM;
Fig. 3I) and C. controversa (angiosperm—AM; Fig. 3R). In the
second type, the total CT ratio tended to increase suddenly and
then gradually with increasing root order, as seen in T. cuspidata
(gymnosperm—AM; Fig. 3F) and B. platyphylla (angiosperm—
EM; Fig. 3J). In the third type, total CT ratio peaked in the
two middle diameter classes (inverted-V shape). In this third
type, peaks of total CT ratio occurred in the second- to third-
order roots (A. sachalinensis, gymnosperm—-EM; O. japonica,
Q. crispula, angiosperm—EM; and A. pictum, angiosperm-AM;
Fig. 3E, H, M, N, respectively) and in fourth-order roots

(P. glehnii, P. abies and L. kaempferi, gymnosperm—EM;
T. maximowicziana, and U. davidiana, angiosperm—EM; Fig.
3A, B, D, K, L, respectively). In the fourth pattern, the total
CT ratio was constant among root orders (P. densiflora, gymno-
sperm—EM; Fig. 3C, C. japonicum, angiosperm—AM; Fig. 30).

Interspecies differences in anatomical characteristics

Each root order class showed interspecies differences in ana-
tomical characteristics (Fig. 4, Supplementary Data Table S1).
Mean values for stele ratio were the lowest in first- and second-
to third-order roots (Fig. 4A-D, Supplementary Data Table S1).
The coefficient of variation was large in first- to third-order roots
and decreased with increasing root diameter (Supplementary
Data Table S1). For first-order roots, EM species mostly had
stele ratio values above the mean (Fig. 4A). For second- and
third-order roots, only EM species had values above the mean,
except for C. japonicum and A. pictum (Fig. 4B). The stele ratio
values of angiosperms were higher than those of gymnosperms
(Fig. 4B, Supplementary Data Fig. S1). For fourth-order roots,
EM species, four AM species (C. japonicum, P. amurense,
A. pictum and T. cuspidata) had values above the mean (Fig.
4C). For higher-order roots, the stele ratio was 0.85 = 0.08
(mean % s.d., n = 20), and those of EM species and some AM
species were above the mean (Fig. 4D).

Across species, mean cortex ratios were higher in first-order
roots than in higher-order roots (Fig. 4E-H, Supplementary
Data Table S1). For first-order roots, most species with cortex
ratio values below the mean were EM species (Fig. 4E). For
second- and third-order roots, the cortex ratios of angiosperm—
EM species approached zero (Fig. 4F). Mostly AM species had
values above the mean. For fourth-order roots, the cortex ratios
of C. japonicum and P. amurense (angiosperm—AM species)
approached zero or were drastically decreased (Fig. 4G). For
higher-order roots, the cortex ratio in 15 species approached zero
(Fig. 4H).

The mean total CT ratio was highest for fourth-order roots
and lowest for higher-order roots (Fig. 4I-L, Supplementary
Data Table S1). For first-order roots, five EM species had total
CT ratios above the mean (Fig. 4I). Mostly angiosperm—EM
species tended to have high total CT ratios. For second- to
third-order and fourth-order roots, mostly EM species, espe-
cially angiosperms, had values above the mean (Fig. 4J, K).
For higher-order roots, the mean total CT ratio decreased
more than for fourth-order roots (Fig. 4L), and the coefficient
of variation was largest for higher-order roots (Supplementary
Data Table S1).

Relationship between total CT ratio and anatomical
characteristics for each root order class

The relationships of total CT ratio to stele and cortex ratios
varied between root diameter classes (Fig. 5). No correlation
was observed for either stele or cortex ratio for first-order roots
(Fig. 5A, B). For second- and third-order roots, the total CT
ratio was significantly positively correlated with stele ratio
(Fig. 5C, P < 0.05) and negatively correlated with cortex ratio
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FiG. 3. Ratio of CT distribution area to root cross-sectional area in different root branching order classes in 20 tree species. Values are means; error bars indicate

Ratio of total CT distribution area
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(Fig. 5D, P < 0.05). For fourth-order roots, total CT ratios and
stele ratios were positively correlated (Fig. SE, P < 0.05), but
no correlation was detected between total CT ratios and cortex
ratios (Fig. 5F). For higher-order roots, no correlation was ob-
served between stele and cortex ratios (Figs 4H and 5G).

Overall variation in root stele, cortex and CT

The principal component analyses of the three anatomical
characteristics of the studied species showed that the first and
second principal components (factors 1 and 2) accounted for
70.06 and 29.63 % of the variation, respectively (Fig. 6). Factor
1 correlated positively with cortex ratio and negatively with
stele ratio. Root diameter classes were related to factor 1, with
lower-order roots tending to have higher cortex and lower stele
ratios compared with those of the higher-order roots. Factor
2 correlated negatively with CT. Lower variations in total CT
ratio were observed for angiosperm—AM roots along factor 2,
whereas larger variations were observed for gymnosperm—EM,
gymnosperm—AM and angiosperm—EM roots. In particular, the
variations in EM roots increased with increasing root diameter
along factor 2. Overall, there was greater variation among EM
roots than among AM roots.

DISCUSSION

We assessed root cross-sectional CT distribution by examining
the stele and cortex of roots of different orders below 2 mm in
20 tree species in a cool-temperate mature forest. To our know-
ledge, this is the first study to observe root order-dependent
differences in CT via anatomical characteristics within and
between forest tree species. Our results confirmed that root

branching order significantly affected the patterns of anatom-
ical traits in all species (Fig. 2; Evert, 2006; McCormack et al.,
2015). In lower-order roots (<0.5 mm), the primary structure
and cortex were maintained without secondary growth or con-
tinuous cork layers among species (Supplementary Data Table
S2). White et al. (2013) showed that absorptive roots, which
are involved primarily in the acquisition and uptake of soil
resources, have living cortical tissues with large parenchyma
cells. Additionally, the absorptive roots have limited devel-
opment of vascular tissue, and are maintained through inter-
active associations with microbial symbionts. First-order roots
in our study had the highest cortex ratio among all species,
but the lowest stele ratio (Figs 2 and 4, Supplementary Data
Table S1). Both the cortex ratio and the stele ratio changed with
increasing order in all species, which agreed with the results of
previous studies (Valenzuela-Estrada et al., 2009; Long et al.,
2013; Mao et al., 2018).

Guo et al. (2008) showed that first-order roots exhibited
cortex development and a low stele ratio, whereas higher-
order roots developed cork layers with low cortex and high
stele ratios in Chinese temperate tree species. Within a spe-
cies, the first-order roots exhibited a high proportion of absorp-
tive tissue, and enhanced root uptake capacitydue to a large
amount of cortex tissue (Guo et al., 2008). Stele development
can improve transportation and stress tolerance, playing a vital
role in the transition from absorption to the development of
secondary xylem (Kumar et al., 2007; Comas and Eissenstat,
2009). According to previous studies, most of the tree species
have cortex in first- to third-order roots and secondary struc-
ture develops in fourth- and higher-order roots (such as Acer
platanoides, McCormack et al., 2015; 23 tree species, Guo
et al., 2008). We consider our results to be valid compared
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with previous studies. Thus, the anatomical perspective from
primary to secondary roots reflects a trade-off between re-
source acquisition and transportation, with higher cortex ratios
favouring higher resource acquisition rates with a greater
cortex area, whereas higher stele ratios favour more effective
water transportation.

We found that the changes in the magnitudes of the stele and
cortex ratios with increasing root order were species-dependent

(Figs 2 and 4). For example, in Fig. 2 an X-shaped crossing of
the stele and cortex ratios was observed in eight species, mostly
of the AM type, whereas C-shaped patterns were observed in
12 species, mostly of the EM type. Histochemical observation
revealed both the presence and absence of CT accumulation
in the fine roots of the studied species (Fig. 3, Supplementary
Data Table S3) associated with different mycorrhizal symbi-
osis groups. We suspect that anatomical patterns of woody
dicot roots can be associated with specific strategies differently
between EM and AM species based on trade-offs between re-
source acquisition and conservation (Guo et al., 2008; Comas
and Eissenstat, 2009; Yahara et al., 2019). Thus, primary and
secondary development of woody dicot roots through these
changes in stele, cortex and total CT ratios with increasing root
branching order could be classified according to the mycor-
rhizal symbiosis type (Fig. 4).

Mycorrhizal affiliation effects on anatomical development in
our study were supported by the results of the principal com-
ponent analysis. The factor 1 axis was positively correlated
with cortex ratio and negatively correlated with stele ratio, sug-
gesting a trade-off between resource acquisition and transporta-
tion with increasing root branching order (Fig. 6). High scores
on the factor 1 axis were characteristic of first- to third-order
EM roots and first- to fourth-order AM roots, with different
anatomical growth patterns between the roots of EM and AM
species in response to cortex and stele variations. The factor 2
axis was also different between EM and AM species and re-
lated to CT area in relation to changes in secondary metabolite
composition and hence root chemical defence. The EM spe-
cies tended to have higher CT than the AM species. This was
particularly apparent in higher-order EM roots, which could
provide structural support and protection. Based on our CT
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distribution results, EM roots, especially higher-order roots,
may be more resource-conservative than AM roots. Phillips
et al. (2013) proposed that EM species showed root trait syn-
dromes associated with survival and resource conservation,
in contrast to AM species. Ectomycorrhizal roots are known
to exhibit higher tissue density, lower specific root length and
thicker diameter than roots of AM species (Valverde-Barrantes
et al., 2018; Bergmann et al., 2020). Despite the similar cortex
and stele patterns with increasing root branching order across
species, CT as a chemical defensive compound could poten-
tially explain the higher CT ratio in EM species than in AM
species according to the principal component analysis (Fig. 6).
There are reports that aromatic rings in CT bind to proteins
and other macromolecules (Frazier et al., 2010). In addition,
hydroxyl groups in tannin form stable complexes with metal
ions (Chin et al., 2009). According to these properties, roots
with higher CT could be more toxic to herbivores, fungi and
bacteria than those with lower CT, and also may play a role in
metal accumulation in plants (Scalbert, 1991; Chin et al., 2009;
Constabel et al., 2014). Based on the anatomical pattern of the
CT ratio and the defensive function of CT against herbivores
and microbes according to previous studies, we suggest that
EM roots typically exhibit considerable changes in defensive
chemical properties for root protection, which are adapted to
growth and structural development in woody dicot roots.

Interestingly, only in specific root orders of immature roots (i.e.
second- to third-order roots), the total CT ratio increased strongly
with stele ratio and decreased with cortex ratio across species (Fig.
5). The CT relationships may be attributable to the effect of root
development during growth. Since woody root tips (first-order
roots) are more numerous and have a higher turnover than thicker-
diameter roots, they are relatively short-lived (Strand et al., 2008).
For in situ and long-term root survival and growth, both stress toler-
ance and defences are necessary. Our results suggest that, with the
exception of some of the angiosperm—AM species, second- to third-
order roots represent an initiation region for secondary growth and
continuous cork development (Supplementary Data Table S2). The
immature root tissues (i.e. second to third order) would be regarded
as the root transition zone, located between the primary root and
secondary root development regions (Kong et al., 2018). To com-
pensate for the lack of protection, they can enhance the developing
stele structures by accumulating CT. Thus, the CT in the imma-
ture root tissues of the transition zone can develop with less su-
berization and in the absence of cork periderm and is essential for
improving our understanding of shifts from primary to secondary
growth related to resource transportation, storage and stress toler-
ance. However, our findings are limited to specific species of trees
and forest sites. To extend our findings, we need to evaluate the
functional roles of CT and anatomical traits in a larger number of
species. We have made a significant step forward in understanding
the important role of CT in terms of the linkage between devel-
opment during growth and CT accumulation in root tissues using
diverse tree species from different ecosystems with a range of en-
vironmental conditions.

In this study, four angiosperm—AM species (M. kobus,
M. obovata, P. amurense, F. mandshurica) did not synthe-
size CT in fine roots. One possible defensive mechanism in
these species is the development of secondary structures,
such as the cork layer in woody dicot roots. In M. kobus,

P. amurense and F. mandshurica, cortex was present in first-
to third-order roots, but a cork layer developed instead of the
cortex in higher-order roots (Supplementary Data Table S2).
Suberin is usually deposited in the cork cell wall and plays
a key role in controlling the transport of water and nutri-
ents (Soukup et al., 2004). Thus, interspecific comparisons
suggested that other substances may also play such a pro-
tective role. To understand the absence of CT accumulation
in specific tree species more fully, we should look for the
accumulation not only of CT but also of other secondary
macro- and micromolecular compounds as protective sub-
stances in fine roots, and then integrate the assessments of
defensive mechanisms.

In conclusion, common anatomical traits developed from pri-
mary to secondary roots in tree species of cool-temperate for-
ests, but the magnitudes and patterns of the stele, cortex and
CT in the cross-sectional area were species-dependent. We
also found a distinction between mycorrhizal groups regarding
chemical protection through CT. The survival of EM roots may
be helped by the conservation of resources through the assimi-
lation of CT in tissue, while AM roots may be relatively less
dependent on CT. Long-lived roots were assumed to have strong
protective mechanisms because of their relatively large stele
cross-sectional area and high levels of chemical defence com-
pounds that protect them from mechanical and drought stress
as well as herbivory (Kong et al., 2014; Zadworny et al., 2017).
Especially in EM roots, the development and disappearance pat-
terns of the stele and cortex with increasing branching order and
diameter might suggest that, for the root to tolerate abiotic and
biotic stresses in soil, it needs to produce CTs in root tissue as
secondary chemical compounds. The cork layer formed during
secondary growth is important for root tissue protection, and CT
may play a protective role before and during the formation of
this layer in EM roots. Root CT therefore likely contributes to
enhancing plant competitiveness and vulnerabilities, including
in situ and long-term root survival, growth and resource accu-
mulation/transportation, by aiding in the development of stele
and cortex structures in fine roots. We emphasize the need for
an approach to anatomical traits and CT based on mycorrhizal
symbiosis types.

SUPPLEMENTARY DATA

Supplementary data are available online at https://academic.
oup.com/aob and consist of the following. Figure S1: root
cross-sections stained by p-dimethylaminocinnamaldehyde
along root branching order in 20 woody species. Table S1:
mean, maximum, minimum, coefficient of variation and
maximum and minimum anatomical ratios among tree spe-
cies. Table S2: anatomical development of cortex and cork
layer with root branching order in 20 tree species. Table S3:
CT distribution in different root branching orders in 20 tree
species.
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