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Abstract
Key message  Distributional patterns of pectin and hemicellulose epitopes in the phloem of four hardwoods vary 
between cell types including sieve tube elements, companion cells, parenchyma and sclerenchyma and between tree 
species.
Abstract  Using immunolocalization methods combined with monoclonal antibodies, the distribution of pectin and hemi-
cellulose epitopes was examined in the secondary phloem of two diffuse porous (birch, aspen)- and two ring porous (oak, 
ash) hardwoods with a focus on sieve tube elements (SEs), companion cells (CCs), axial/ray parenchyma cells, and scleren-
chyma cells (sclereids and phloem fibers). In all tree species, rhamnogalacturonan-I (RG-I), homogalacturonan (HG), and 
xyloglucan epitopes were common in cell walls of SEs, CCs, and axial/ray parenchyma cells. However, the amount of these 
epitopes varied greatly between cell types and between hardwood species. Apart from aspen, heteroxylan or/and heteroman-
nan epitopes were detected in SEs, but were not detected in CCs and parenchyma cells. With sclerenchyma cells, RG-I, HG, 
and xyloglucan epitopes were common in compound middle lamellae (CML) of sclereids and phloem fibers. Except for oak, 
heteromannan epitopes were also detected in CML of sclereids. Distributional patterns of epitopes in CML of birch and ash 
sclereids varied greatly depending on anatomical structure of CML. Secondary cell walls of sclereids and phloem fibers 
revealed abundant heteroxylan epitopes, but showed no heteromannan epitopes. Some phloem fibers also showed sparse 
xyloglucan epitopes in secondary cell walls. Together, results suggest that there are great variations in distributional patterns 
of pectin and hemicellulose epitopes in hardwood phloem between cell types and between tree species.
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Introduction

Phloem is the primary transport tissue for photosynthates 
and signals and regulates a variety of physiological pro-
cesses from growth to reproduction in plants (Savage et al. 
2016). In woody plants, the phloem (secondary) is produced 
through the activity of vascular cambium and represents 

the inner part of bark in a stem. Formation and structure 
of phloem in a tree stem vary depending on many factors 
including species, age, and growth conditions (Gričar et al. 
2016). With respect to hardwood stem, phloem is composed 
mainly of sieve tube elements (SEs), companion cells (CCs), 
axial/ray parenchyma cells, and sclerenchyma cells (fibers 
and sclereids). SEs are long conduits that are responsible 
for carbon transport throughout a tree (Savage et al. 2016; 
van Bel 2003). Metabolic function of SEs is supported by 
neighboring CCs that are a specialized form of parenchyma 
cells (Savage et al. 2016; van Bel 2003). Parenchyma cells 
(axial/ray) are major sites for storage and are responsible 
for xylem–phloem interactions (Chaffey and Barlow 2001). 
Sclereids and phloem fibers have thick lignified secondary 
cell walls and support mechanically the phloem (Zhao and 
Zhu 2014).

Chemically, hardwood phloem is composed of a variety of 
components including lignin, polysaccharides, extractives, 
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and proteins. Detailed gross chemical analysis of phloem 
tissue roughly separated from other bark tissues has been 
reported for hardwood phloem (e.g., Dou et al. 2016; Eyles 
et al. 2007; Şen et al. 2010; Thornber and Northcote 1961). 
However, our current understanding of hardwood phloem 
chemistry at the individual cell level is very poor, since clas-
sical wet chemical analysis does not generally allow this type 
of information due to gross fractionation of entire phloem 
tissues. It is also a difficult task to separate individual cell 
types from entire phloem tissues for chemical analysis. In 
this regard, in situ immunolocalization techniques combined 
with glycan-directed probes are arguably the best way to 
obtain chemical information of hardwood phloem at the 
individual cell level (Lee et al. 2011). Recent developments 
in glycan-directed probes, such as monoclonal antibodies 
and carbohydrate binding modules (CBMs), have made pos-
sible localization of various cell wall components in plant 
cell walls without fractionation of plant tissues (e.g., Kim 
and Daniel 2012a, 2017; Marcus et al. 2008, 2010; Xue et al. 
2013). Chemical information on hardwood phloem at the 
cellular level is primarily important for a better understand-
ing of phloem cell function and development. A detailed 
understanding of phloem chemistry can also provide a basis 
for decomposition of hardwood phloem that is currently con-
sidered as an important biomass for biorefineries as a part of 
bark (Dou et al. 2016; Şen et al. 2010).

Apart from vessel-less hardwoods, hardwoods are mainly 
classified into ring porous, semi-ring porous, and diffuse 
porous based on the porosity morphology of xylem (IAWA 
1989). Since anatomical difference is generally related to 
difference in frequency of xylem cell types and each cell 
type has different chemistry of cell walls, the chemistry of 
hardwood xylem is likely to differ between porous types and 
wood species. Several previous studies have shown these 
differences in many hardwood species (e.g., Bodîrlău et al. 
2007; Donaldson 2001; Fengel and Grosser 1975; Pettersen 
1984). In contrast, differences in phloem chemistry between 
hardwood species in relation with the porous form in xylem 
are almost unknown, particularly at the cellular level.

In this study, we investigated occurrence of pectins and 
hemicelluloses in phloem cells of four hardwoods (two ring 
porous- and two diffuse porous hardwoods) using immu-
nolocalization methods combined with monoclonal antibod-
ies specific for pectin and hemicellulose epitopes. Results 
show important variations in distributional patterns of pectin 
and hemicellulose epitopes in hardwood phloem between 
cell types and between tree species.

Materials and methods

Plant materials

Small sectors were taken from stems (1.3 m above ground 
level) of two mature diffuse porous hardwoods [silver birch 
(Betula pendula, ca. 27.6 in diameter), European aspen (Pop-
ulus tremula L., ca. 16.9 cm in diameter)] and two mature 
ring porous hardwoods [English oak (Quercus robur L., ca. 
20.1 cm in diameter) and European ash (Fraxinus excelsior, 
ca. 33.8 cm in diameter)] grown at a forest site near the cam-
pus of the Swedish University of Agricultural Sciences on 
September 13–16. Sectors were fixed in a mixture of glutar-
aldehyde and paraformaldehyde and embedded in LR White 
resin (London Resin Co., Basingstoke, UK) according to 
procedures described previously (Kim and Daniel 2012a).

Light and fluorescence microscopy

Lignin distribution in phloem cells was examined using 
transverse sections (ca. 50–100 µm) prepared from fresh 
blocks after staining according to Wiesner and Mäule 
reaction (Kim and Daniel 2016). Sections were examined 
using a Leica DMLB light microscope (Wetzlar, Germany) 
equipped with Infinity X-32 camera (Deltapix, Smorum, 
Denmark). For immunofluorescence labeling (Kim and 
Daniel 2012a), semi-thin sections (ca. 1 µm) prepared from 
embedded blocks were incubated with eight monoclonal 
antibodies specific for 1,4-β-galactans (LM5, Jones et al. 
1997), 1,5-α-arabinans (LM6, Willats et al. 1998), heter-
oxylans (LM10/LM11, McCartney et al. 2005), xyloglucans 
(LM15), homogalacturonans (HG, LM19/LM20, Verhert-
bruggen et al. 2009a, b), or heteromannans (LM21, Marcus 
et al. 2010) epitopes (PlantProbes, Leeds, UK), followed 
by incubation with Alexa Fluor 488 (Invitrogen, Oregon, 
USA). Control sections were incubated with Alexa Fluor 
488 only. Sections were examined using a Leica DMRE 
fluorescence microscope (Wetzlar, Germany) with I3 filter 
cube (excitation 450–490 nm, emission > 515 nm). To detect 
autofluorescence under UV excitation, some sections were 
also examined with A filter cube (excitation 340–380 nm, 
emission > 425 nm). Fluorescence images were taken using 
a Leica DFC 490 digital camera (Heerbrugg, Switzerland). 
For observations of general anatomy, some serial sections 
were observed using light microscopy after staining with 
toluidine blue (Kim and Daniel 2012a).

To study potential effects of pectic HG on detection of 
hemicellulose epitopes, sections were pre-treated with 0.1 M 
sodium carbonate (pH 11.4) for 2 h at room temperature, fol-
lowed by incubation with 30 U/ml pectate lyase (Megazyme, 
Wicklow, Irland) in 50 mM CAPS (3-(cyclohexylamino)-
1-propanesulfonic acid) buffer (pH 10.0) containing 2 mM 
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CaCl2 for 2 h at room temperature prior to immunofluores-
cence labeling (Kim and Daniel 2017; Lee and Knox 2014). 
Equivalent sections were also pre-treated with only sodium 
carbonate prior to immunofluorescence labeling. Results of 
immunofluorescence labeling including the enzymatic pre-
treatment reflect observations on two to three different serial 
sections of each tree sample.

Transmission electron microscopy (TEM)

To examine variations in the ultrastructure and distribution 
of pectin epitopes (homogalacturonans) between compound 
middle lamellae (CML) of sclereids, birch sclereids were 
examined using a Philips CM12 TEM (Eindhoven, Nether-
lands) combined with lignin staining (KMnO4) and immu-
nogold labeling (Kim and Daniel 2012a, 2017). Transverse 
ultrathin sections (ca. 90 nm) prepared from embedded 
blocks were stained with KMnO4 or incubated with LM19 
antibody followed by incubation with secondary antibody 
labeled with 10-nm colloidal gold particles (BB Interna-
tional, Cardiff, UK). To examine the effect of alkali pre-
treatment on detection of HG epitopes, equivalent sections 
were pre-treated with sodium carbonate for 2 h at room 
temperature prior to immunogold labeling (Kim and Daniel 
2017). Sections were examined after staining with uranyl 
acetate. No non-specific binding of secondary antibody 
(gold particles) was detected in control samples, where the 
primary antibody was omitted (not shown). Results reflect 
observations on two different sections.

Results

Phloem anatomy and lignin distribution

Phloem anatomy of the tree samples studied is shown in 
Figs. 1, 2 and Supplemental Fig. 1. There was no notable 
formation of tension wood in xylem fibers of all tree samples 
(not shown). All tree samples showed almost the end of cam-
bial growth. Non-collapsed current phloem cells are mainly 
described in the study with a focus on sieve tube elements 
(SEs), companion cells (CCs) and (axial/ray) parenchyma 
cells (double headed arrows in Supplemental Fig. 1). Cur-
rent phloem rings were determined by an annual tangential 
ring of axial parenchyma cells (Gričar et al. 2016). Scle-
reids were detected in collapsed phloem of all tree samples 
(Supplemental Fig. 1). Phloem fibers were only observed 
in aspen and oak samples (Supplemental Fig. 1). In all tree 
samples, positive Mäule (syringyl lignin) and Wiesner (total 
lignin) reactions for lignin were only detected in sclereids 
and phloem fibers (Supplemental Fig. 2). The only exception 
was oak sclereids that showed a negative Mäule reaction. 
This result indicates differences in lignin composition of 

sclereids between oak (i.e., guaiacyl lignin) and the three 
other species (i.e., guaiacyl + syringyl lignin).

Immunofluorescence microscopy in SEs, CCs, 
and parenchyma cells

In control samples where the primary antibodies were 
omitted, no non-specific binding of the secondary antibody 
(i.e., Alexa 488) was detected (not shown). Immunofluo-
rescence images displayed in the text were captured based 
on the control images which showed lack of any significant 
contribution of autofluorescence of phloem cells except for 
phenolic compounds and cytoplasm of CCs and parenchyma 
cells (not shown). In many cases, CC walls were not distin-
guished directly from neighboring SE- and parenchyma cell 
walls. In these cases, intensity of epitopes in CC walls was 
determined based on differences in distribution of epitopes 
in cell walls between CCs and SEs and between CCs and 
parenchyma cells. For example, if epitopes were abundant 
and weak in cell walls between CCs and SEs and between 
CCs and parenchyma cells, respectively, epitopes in CCs 
were determined as weak. Overall, no notable differences in 
distribution of epitopes were detected between axial- and ray 
parenchyma cells in the study (hereafter termed parenchyma 
cells). Distributional patterns of pectin and hemicellulose 
epitopes in SEs, CCs and parenchyma cells are briefly sum-
marized in Table 1.

Detection of side chains of rhamnogalacturonan‑I 
(RG‑I) epitopes in SEs, CCs and parenchyma cells

The presence of RG-I in phloem cells was shown using 
LM5 and LM6 antibodies that bind to 1,4-β-galactans and 
1,5-α-arabinans, respectively (Knox 2008; Lee et al. 2013). 
Although it was not considered in this study, the binding of 
the LM6 antibody to arabinogalactan proteins (AGPs) was 
also reported in moss cells (Lee et al. 2005). Figures 1a, d 
and 2a, d are serial sections of immunofluorescence images 
shown in Figs. 1, 2 and 3.

LM5 epitopes in SEs and CCs (arrowheads) were more 
abundant in aspen (Fig. 1e) than other three tree species 
(Figs. 1b, 2b, e). In all tree species, LM5 epitopes were 
abundantly detected in parenchyma cells, with greater 
abundance than SEs and CCs (Figs. 1b, e, 2b, e). Unlike 
the other tree species, ash frequently showed localization 
of LM5 epitopes in the cytoplasm of parenchyma cells. No 
LM5 epitopes were detected in sieve plate areas of all tree 
species (arrows in Figs. 1b, e, 2b, e).

LM6 epitopes were abundantly detected in SEs of all 
tree species, with greater presence in oak (Fig. 2c) and ash 
(Fig. 2f) than birch (Fig. 1c) and aspen (Fig. 1f). In CCs, 
LM6 epitopes were abundant in birch and oak (arrow-
heads in Figs. 1c, 2c), but were weak in aspen and ash 
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(arrowheads in Figs. 1f, 2f). LM6 epitopes in parenchyma 
cells were overall more abundant in birch (Fig. 1c) than 
the other species (Figs. 1f, 2c, f), with higher similarity in 
amounts of epitopes to the other cell types (i.e., SEs and 
CCs) than the other species. In all tree species, abundant 
LM6 epitopes were detected in sieve plate areas (arrows 
in Figs. 1c, f, 2c, f).

Detection of homogalacturonan (HG) epitopes 
in SEs, CCs, and parenchyma cells

LM19 (binds to un-/low methyl-esterified HG) epitopes were 
abundantly detected in all cell types of birch, aspen, and 
ash phloem (Fig. 3a, b, d). Overall, oak showed much less 
abundance of LM19 epitopes in all cell types (Fig. 3c) than 

Fig. 1   Detection of LM5 (1,4-β-galactan) and LM6 (1,5-α-arabinan) 
epitopes in phloem cells of birch and aspen. a–c Serial sections. 
a Birch phloem stained with toluidine blue (TB) showing sieve 
tube elements (SEs), companion cells (CCs, arrowheads), (axial/
ray) parenchyma cells (P/R), and sieve plate areas (arrows). b LM5 
epitopes in birch phloem showing sparse and abundant localization 
in SEs/CCs and parenchyma cells, respectively. c LM6 epitopes in 
birch phloem showing abundant localization in SEs, CCs, and paren-

chyma cells. d–f Serial sections. d Aspen phloem stained with TB. e 
LM5 epitopes in aspen phloem showing considerable and abundant 
localization in SEs/CCs and parenchyma cells, respectively. f LM6 
epitopes in aspen phloem showing considerable and weak localization 
in SEs and CCs/parenchyma cells, respectively. Note the absence and 
presence of LM5 (arrows in b, e) and LM6 (arrows in c, f) epitopes in 
sieve plate areas of two tree species. Scale bars 50 µm
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the other species (Fig. 3a, b, d). Some notable variations in 
distribution of LM19 epitopes between cell wall regions/or 
orientations (i.e., tangential vs. radial) were also observed 
in SEs and parenchyma cells of oak (Fig. 3c). Sieve plate 
areas revealed abundant LM19 epitopes in all tree species 
(arrows in Fig. 3a–d).

Unlike LM19 epitopes, LM20 (binds to highly methyl-
esterified HG) epitopes in SEs and parenchyma cells were 
overall more abundant in oak (Fig. 3g) than the other 

species (Fig. 3e, f, h). Compared to LM19 epitopes, the 
amount of LM20 epitopes in SEs and parenchyma cells 
was higher in oak (Fig. 3c vs. g), but was lower in birch 
(Fig. 3a vs. e), aspen (Fig. 3b vs. f) and ash (Fig. 3d vs. h). 
In CCs, some weak LM20 epitopes were detected in aspen, 
oak, and ash, with greater abundance in ash (arrowheads 
in Fig. 3f–h). Almost no LM20 epitopes were detected 
in birch CCs (arrowheads in Fig. 3e). In all tree species, 

Fig. 2   Detection of LM5 (1,4-β-galactan) and LM6 (1,5-α-arabinan) 
epitopes in phloem cells of oak and ash. a–c Serial sections. a Oak 
phloem stained with toluidine blue (TB) showing sieve tube ele-
ments (SEs), companion cells (CCs, arrowheads), and (axial/ray) 
parenchyma cells (P/R). b LM5 epitopes in oak phloem showing 
sparse and abundant localization in SEs/CCs and parenchyma cells, 
respectively. c LM6 epitopes in oak phloem showing abundant and 
weak localization in SEs/CCs and parenchyma cells, respectively. 

d–f Serial sections. d Ash phloem stained with TB. e LM5 epitopes 
in ash phloem showing sparse and abundant localization in SEs/CCs 
and parenchyma cells, respectively. f LM6 epitopes in ash phloem 
showing abundant and weak localization in SEs and CCs/parenchyma 
cells, respectively. Note the absence and presence of LM5 (arrows in 
b, e) and LM6 (arrows in c, f) epitopes in sieve plate areas of two tree 
species. Scale bars 50 µm
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LM20 epitopes were detected in sieve plate areas, with 
greater abundance in oak and ash (arrows in Fig. 3e–h).

Enzymatic removal of homogalacturonan (HG) 
from phloem cells

To examine masking effects of pectic HG on detection 
of hemicellulose epitopes (xyloglucans, heteroxylans, 
and heteromannans), immunolocalization was carried 
out using sections pre-treated with pectate lyase (i.e., 
sodium carbonate + pectate lyase) prior to immunolabe-
ling. Equivalent sections were also pre-treated with only 
sodium carbonate prior to immunolabeling. In all tree sam-
ples, pre-treatment with sodium carbonate resulted in a 
significant increase in the amount of LM19 HG epitopes in 
all phloem cells (Fig. 4d) including sclereids and phloem 
fibers (Figs. 8g, 10f, 12f) compared to controls (Figs. 4c, 
8e, 10d, 12d). In contrast, no LM20 epitopes were detected 
after pre-treatment with sodium carbonate (not shown). 
After subsequent pre-treatment with pectate lyase, almost 
no LM19 epitopes were detected in SEs, CCs, and paren-
chyma cells (Fig. 4b, e) of all tree samples compared to 
controls (Fig. 4a, c), which indicated removal of most 
HG from these cells. However, interestingly, some LM19 
epitopes were detected in sclereids and phloem fibers even 
after pre-treatment with pectate lyase (Fig. 4f–h). Thus, 
the masking effect of HG on detection of hemicellulose 
epitopes was only focused on SEs, CCs, and parenchyma 
cells in the study.

Detection of xyloglucan epitopes in SEs, CCs 
and parenchyma cells

LM15 (binds to XXXG motif of xyloglucans) epitopes 
were detected in all tree species with great variations in 
distributional patterns between cell types. Birch and ash 
showed more abundant LM15 epitopes in parenchyma cells 
than SEs and CCs (arrowheads) (Fig. 5a, c). In contrast, 
oak revealed more abundant epitopes in SEs than CCs and 
parenchyma cells (Fig. 5d, e). Aspen showed overall similar 
LM15 epitopes between cell types (Fig. 5b). In SEs, LM15 
epitopes were more readily detected in oak (Fig. 5e) than 
the other species (Fig. 5a–c). In contrast, LM15 epitopes 
in parenchyma cells were overall more abundant in birch 
(Fig. 5a) than the other species (Fig. 5b, c, e). Sieve plate 
areas revealed considerable amounts of LM15 epitopes in 
all tree species (arrows in Fig. 5).

After enzymatic removal of HG (i.e., pre-treatment of 
sections with sodium carbonate + pectate lyase), a notable 
increase of LM15 epitopes was detected in all tree species 
without notable changes in distributional patterns of the 
epitopes (i.e., difference in the amount of epitopes between 
cell types) (Fig. 5f, Supplemental Fig. 3d–f) compared to 
controls (Fig. 5e, Supplemental Fig. 3a–c).

Detection of heteroxylan epitopes in SEs, CCs, 
and parenchyma cells

LM10 (binds to un-/low substituted heteroxylans) epitopes 
were not detected in SEs of aspen (not shown) and CCs 

Table 1   Distribution of pectin and hemicellulose epitopes in the cell wall of sieve tube elements, companion cells and parenchyma cells as 
reflected by immunofluorescence labeling

Parentheses indicate intensity of labeling after pre-treatment with sodium carbonate (LM19/20) and sodium carbonate + pectate lyase 
(LM15/10/21). In brief, number of ‘+’ indicates intensity of labeling. ‘tr’ trace labeling, ‘−’ no specific labeling
P/R axial/ray parenchyma cell, Di diffuse porous hardwood, Ri ring porous hardwood, RG-I rhamnogalacturonan-I, HG homogalacturonan, XyG 
xyloglucan

Phloem cell Tree species RG-I HG XyG Xylan Mannan

LM5 LM6 LM19 LM20 LM15 LM10 LM11 LM21

Sieve tube element (SE) Birch (Di) tr ++ +++ (+++) tr/+ (−) + (+/++) −/tr (−/tr) − − (−)
Aspen (Di) +/++ ++ +++ (+++) +/++ (−) +/++ (++) − (−) − − (−)
Oak (Ri) tr/+ +++ + (+++) +++ (−) ++ (+++) +/++ (+) − − (−)
Ash (Ri) tr/+ +++ +++ (+++) +/++ (−) + (+/++) +/++ (+) − − (tr/+)

Companion cell (CC) Birch tr ++ +++ (+++) −/tr (−) + (+/++) − (−) − − (−)
Aspen +/++ + +++ (+++) tr/+ (−) +/++ (++) − (−) − − (−)
Oak tr/+ +++ + (+++) + (−) + (+/++) − (−) − − (−)
Ash tr + +++ (+++) +/++ (−) tr (+) − (−) − − (−)

Parenchyma cell (P/R) Birch +++ ++ +++ (+++) + (−) ++ (+++) − (−) − − (−)
Aspen ++ + +++ (+++) ++(−) +/++ (++) − (−) − − (−)
Oak ++ + + (+++) +++ (−) +/++ (++) − (−) − − (−)
Ash +++ + +++ (+++) +/++ (−) +/++ (++) − (−) − − (−)
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(arrowheads) and parenchyma cells of all tree species 
(Fig.  6). Epitopes were only detected in SEs of birch 
(Fig. 6b), ash (Fig. 6c), and oak (Fig. 6e) including sieve 
plate areas, with greater abundance in oak and ash. LM10 
epitopes in birch SEs were detected only in a few SEs 
(Fig. 6a, b). In contrast, all SEs of oak (Fig. 6d, e) and ash 
(Fig. 6c and inset) showed the presence of epitopes even 

though there were some variations in the amount of epitopes 
between SEs.

After enzymatic removal of HG, no notable changes in 
distributional patterns of LM10 epitopes were detected in 
all tree samples (Fig. 6f), with slightly decreased intensity 
of epitopes in SEs compared to control (Fig. 6e). In all tree 
samples, no LM11 (binds to highly substituted heteroxy-
lans) epitopes were detected in SEs, CCs, and parenchyma 
cells (Supplemental Fig. 4a–d).

Fig. 3   Detection of LM19 (un-/low methyl-esterified homogalac-
turonan, HG) and LM20 (highly methyl-esterified HG) epitopes in 
phloem cells of birch, aspen, oak, and ash. a–d are serial sections 
of e–h. a–d LM19 epitopes in phloem cells showing overall greater 
abundance of epitopes in sieve tube elements (SEs), companion cells 
(CCs, arrowheads) and (axial/ray) parenchyma cells (P/R) of birch 
(a), aspen (b), and ash (d) than those of oak (c). e–h LM20 epitopes 

in phloem cells showing overall greater abundance of epitopes in 
oak (g) than birch (b), aspen (d), and ash (h) (i.e., opposite to LM19 
epitopes). Note opposite patterns of localization between LM19 (c) 
and LM20 (g) epitopes in oak SEs. Sieve plate areas (arrows) showed 
abundant and sparse/weak localization of LM19 (a–d) and LM20 (e–
h) epitopes in all tree species, respectively. Scale bars 50 µm
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Detection of heteromannan epitopes in SEs, CCs 
and parenchyma cells

LM21 epitopes were not detected in any tree samples includ-
ing SEs, CCs, parenchyma cells, and sieve plate areas, 
regardless of enzymatic removal of HG (not shown). The 
only exception was ash SEs that showed some weak labeling 
for LM21 epitopes after enzymatic removal of HG (Fig. 7).

Anatomical and ultrastructural characteristics 
of sclereids

In all tree species, sclereids had thick secondary cell walls 
and were frequently clumped together (Figs. 8, 10; Supple-
mental Figs. 1, 4–6). In transverse views, the anatomical 
structure of sclereids varied greatly in the tree samples. In 
particular, some sclereids showed much wider cell lumina 
(Fig.  11a; Supplemental Figs.  1, 5a). With respect to 

middle lamellae (ML), the thickness and structure of ML 
varied greatly in birch (Fig. 8a, b) and ash (Supplemental 
Fig. 6a) sclereids. These variations were much less signifi-
cant in aspen (Supplemental Fig. 5a) and oak (Fig. 10a). 
We thus paid special attention to ML of birch and ash scle-
reids with a focus on variations in thickness using TEM.

Based on staining features of uranyl acetate (i.e., dif-
ferent electron density between cell layers) (Fig. 11), it 
was shown that ML regions staining strongly with KMnO4 
(Fig. 9) were actually composed of ML and primary cell 
walls (i.e., compound middle lamella, CML). An actual 
ML-like structure was also detected in sclereids having 
relatively thick CML after KMnO4 staining (asterisks 
in Fig. 9d). For comparison in intensity of immunofluo-
rescence labeling between CML, CML of birch and ash 
sclereids were classified into the two types based on their 
thickness: (1) thin CML, and (2) thick CML (CML show-
ing distantly thicker than others).

Fig. 4   Detection of LM19 (low methyl-esterified homogalacturonan, 
HG) epitopes in phloem cells of birch and oak after pre-treatment 
with sodium carbonate (Na2CO3) and pectate lyase (PL). Numbers 
in a–e indicate the same cell. a, b Serial sections of birch phloem 
showing almost total absence of epitopes in sections pre-treated with 
Na2CO3 + PL (b) compared to control (a). c–e Serial sections of oak 
phloem showing significant increase and decrease in the amount of 

epitopes after pre-treatment with Na2CO3 (d) and Na2CO3 + PL (e), 
respectively, compared to control (c). f–h Birch sclereids (Scl, f) 
and oak phloem fibers (Pf, g)/sclereids (h) after pre-treatment with 
Na2CO3 + PL. Note the presence and absence of epitopes in sclereids/
phloem fibers and sieve tube elements (SEs)/parenchyma cells (P), 
respectively. Scale bars 25 µm (a–e, g), 50 µm (f, h)
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Detection of pectin epitopes in sclereids

Distributional patterns of pectin and hemicellulose epitopes 
in sclereids are briefly summarized in Table 2. LM5 galactan 
epitopes were sparsely detected in CML of birch (Fig. 8c) 
and ash (Supplemental Fig. 6b) sclereids, but were abundant 
in CML of aspen (Supplemental Fig. 5b) and oak (Fig. 10b) 
sclereids. LM6 arabinan epitopes were abundant in thick 
CML of birch (arrowheads in Fig. 8d) and ash (arrowheads 

in Supplemental Fig.  6c) sclereids, but were sparsely 
detected in thin CML (arrows in Fig. 8d, Supplemental 
Fig. 6c). Oak (Fig. 10c) and aspen (Supplemental Fig. 5c) 
sclereids showed sparse LM6 epitopes in CML.

LM19 HG epitopes were abundant in thick CML of 
birch (arrowheads in Fig. 8e) and ash (arrowheads in Sup-
plemental Fig. 6d) sclereids, but were sparsely detected 
in thin CML (arrows in Fig. 8e, Supplemental Fig. 6d). 
Overall, aspen (Supplemental Fig. 5d) and oak (Fig. 10d) 

Fig. 5   Detection of LM15 (xyloglucan) epitopes in phloem cells of 
birch, aspen, oak, and ash. a, b and c are serial sections of Figs. 1a, 
d and 2d, respectively. a Birch phloem showing weak and abundant 
localization of epitopes in sieve tubes (SEs)/companion cells (CCs, 
arrowheads) and (axial/ray) parenchyma cells (P/R), respectively. 
b Aspen phloem showing weak localization of epitopes in SEs, 
CCs, and parenchyma cells. c Ash phloem showing weak localiza-
tion of epitopes in SEs, CCs, and parenchyma cells. d–f Serial sec-

tions. d Oak phloem stained with toluidine blue (TB) showing sieve 
tube elements (SEs), companion cells (CCs, arrowheads), and axial/
ray parenchyma cells (P/R). e Oak phloem showing considerable 
and weak localization of epitopes in SEs and CCs/parenchyma cells, 
respectively. f Oak phloem after pre-treatment with sodium carbon-
ate (Na2CO3) and pectate lyase (PL) showing increase in the amount 
of epitopes compared to control (e). Note localization of epitopes in 
sieve plate areas (arrows in a–f). Scale bars 50 µm
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sclereids showed sparse LM19 epitopes in CML. LM20 
HG epitopes were abundantly detected in thick CML of 
birch (arrowheads in Fig. 8f) and ash (arrowheads in Sup-
plemental Fig. 6e) sclereids, but were sparsely detected 
in thin CML of birch and ash (arrows in Fig. 8f, Sup-
plemental Fig. 6e) and CML of oak and aspen (Fig. 10e, 

Supplemental Fig. 5e). After pre-treatment with sodium 
carbonate prior to immunolocalization, LM19 epitopes in 
CML of sclereids increased significantly in all tree sam-
ples, particularly in thin CML (arrows in Figs. 8g, 10f; 
Supplemental Figs. 5f, 6f) compared to sections before 
pre-treatment (arrows in Figs.  8e, 10d; Supplemental 

Fig. 6   Detection of LM10 (heteroxylan) epitopes in phloem cells 
of birch, ash, and oak. a, b Serial sections of birch phloem showing 
sparse epitopes in sieve tube elements (SEs) including sieve plate 
area (arrows) and absence of epitopes in companion cells (CCs, 
arrowheads) and (axial/ray) parenchyma cells (P/R). c Ash phloem 
showing distribution of epitopes in SEs including sieve plate area. 
The inset stained with toluidine blue (TB) indicates the same anatom-

ical region to the immunofluorescence image. d–f Serial sections of 
oak phloem showing presence and absence of epitopes in SEs includ-
ing sieve plate area and CCs/parenchyma cells, respectively. Note 
no notable changes in distributional patterns of epitopes and slightly 
decreased localization of epitopes after pre-treatment with sodium 
carbonate (Na2CO3) and pectate lyase (PL) (f) compared to control 
(e). Scale bars 25 µm
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Figs. 5d, 6d). In contrast, LM20 epitopes were not detected 
after pre-treatment (not shown).

Information on differences in distribution of LM19 
epitopes between CML was further advanced in birch scle-
reids by TEM immunogold labeling. Like immunofluores-
cence observations, thin CML showed very sparse gold 
labeling (Fig. 11a, b), whereas thick CML revealed abun-
dant gold particles (Fig. 11b–d). Variations in the number 
of gold particles were also observed within the same thick 
CML (Fig. 11b–d). After pre-treatment with sodium car-
bonate prior to immunogold labeling, LM19 epitopes were 
abundantly detected in thin CML in agreement with immu-
nofluorescence labeling. Thick CML also showed a more 
even distribution of LM19 epitopes across CML (Fig. 11f, 
g) than before pre-treatment (Fig. 11b–d).

Detection of hemicellulose epitopes in sclereids

LM15 xyloglucan epitopes were detected in CML of scle-
reids in all tree samples (Figs.  8h, 10g; Supplemental 
Figs. 5g, 6g) and were particularly abundant in thick CML 
of birch (arrowheads in Fig. 8h) and ash (arrowheads in 
Supplemental Fig. 6g) sclereids. No LM15 epitopes were 
detected in secondary cell walls of sclereids (Figs. 8h, 10g; 
Supplemental Figs. 5g, 6g).

LM10/11 heteroxylan epitopes were abundantly detected 
in secondary cell walls of sclereids in all tree samples 
(Figs. 8i, 10h; Supplemental Figs. 4e–h, 5h, 6h) but were not 

detected in CML of sclereids (Figs. 8i, 10h; Supplemental 
Figs. 4e–h, 5h, 6h).

LM21 heteromannan epitopes were not detected in sec-
ondary cell walls of sclereids in any tree samples. In con-
trast, some LM21 epitopes were detected in CML of birch 
and ash sclereids, particularly in thicker CML (arrowheads 
in Fig. 8j and Supplemental Fig. 6i). Some weak LM21 
epitopes were also detected in aspen, specifically in thick 
CML-like structures formed between sclereids and neigh-
boring cells (arrowheads in Supplemental Fig. 5a, i) and 
CML of sclereids having significant difference in anatomi-
cal structure from other sclereids (asterisk in Supplemental 
Fig. 5a, i). LM 21 epitopes were not detected in CML of oak 
sclereids (Fig. 10i).

Anatomical characteristics of phloem fibers

Phloem fibers were only observed in aspen and oak samples 
(Supplemental Fig. 1). After staining with toluidine blue, 
the inner layer of fiber cell walls showed different staining 
features from the outer layer (inset in Fig. 12a and Sup-
plemental Fig. 7a), indicating heterogeneity in cell wall 
chemistry between inner- and outer layers. In particular, the 
inner layer of oak phloem fibers showed purple color, which 
was particularly prominent in the innermost layers (Sup-
plemental Fig. 7a and inset). This staining feature is similar 
to gelatinous (G) fibers (i.e., no or low lignified cell wall) in 
tension wood (Kim and Daniel 2012a). Fluorescence micros-
copy also showed much less intensity of autofluorescence 

Fig. 7   Detection of LM21 (heteromannan) epitopes in phloem cells 
of ash. a–c Serial sections. a Staining with toluidine blue (TB) show-
ing sieve tube elements (SEs), companion cells (CCs, arrowheads), 
(axial/ray) parenchyma cells (P/R). b, c Detection of epitopes before 

and after pre-treatment with sodium carbonate (Na2CO3) and pectate 
lyase (PL), respectively. Note the presence of some weak epitopes in 
SEs after pre-treatment with Na2CO3 + PL (c). Scale bars 25 µm
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Fig. 8   Detection of pectin and hemicellulose epitopes in birch scle-
reids. a–j Serial sections. Numbers indicate the same cell. a Stain-
ing with toluidine blue (TB) showing variations in thickness of com-
pound middle lamellae (CML) between sclereids; thin (arrow)- and 
thick (arrowheads) CML. b Autofluorescence of sclereids under UV 
excitation (340–380  nm). Note stronger intensity in CML than sec-
ondary cell wall, no matter thin or thick CML. c Detection of LM5 
(galactan) epitopes showing sparse localization in CML. d Detec-
tion of LM6 (arabinan) epitopes showing sparse and weak localiza-
tion in thin- and thick CML, respectively. e Detection of LM19 (un-/
low methyl-esterified HG) epitopes showing sparse and abundant 
localization in thin- and thick CML, respectively. f Detection of 

LM20 (highly methyl-esterified HG) epitopes showing sparse and 
weak localization in thin- and thick CML, respectively. g Detec-
tion of LM19 epitopes on sections pre-treated with sodium carbon-
ate (Na2CO3) showing significantly increased localization in CML 
compared to control (e). h Detection of LM15 (xyloglucan) epitopes 
showing abundant localization in CML, with greater abundance in 
thick- than thin CML. i Detection of LM10 (heteroxylan) epitopes 
showing abundant localization in secondary cell walls. Note absence 
of epitopes in CML. j Detection of LM21 (heteromannan) epitopes 
showing weak localization in thick CML and sparse in thin CML. 
Scale bars 50 µm
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under UV excitation in the inner- than outer layers of fibers 
(Supplemental Fig. 7d, i). However, this inner layer showed 
a positive Wiesner and Mäule reactions for lignin (Sup-
plemental Fig. 2) and abundant distribution of heteroxylan 
epitopes (Supplemental Figs. 4, 7), which differ from the 
general features of gelatinous layers. Nanko and Côté (1980) 
reported that phloem fibers of white oak and southern red 
oak have an S1 + S2 + G (gelatinous layer) structure and 
G layer of these oak species is weakly lignified. The inner 
layer of aspen phloem fibers also showed similar character-
istics of autofluorescence, lignin staining, and distribution 
of heteroxylan epitopes (see below) to oak phloem fibers, 

even though development of purple color was less clear 
than in oak. In the study, we only focused on distribution of 
epitopes, no matter the cell wall structure of phloem fiber 
(i.e., whether or not G layer is present). Outer cells associ-
ated with fiber bundles frequently showed abnormal cell wall 
structure (asterisks in Fig. 12a and Supplemental Fig. 7a).

Detection of pectin epitopes in phloem fibers

The distributional patterns of pectin and hemicellulose 
epitopes in phloem fibers are briefly summarized in Table 2. 

Fig. 9   Ultrastructure of compound middle lamellae (CML) in birch 
sclereids after staining with KMnO4. Note great variations in the 
thickness and structure of CML between sclereids (Scl). Asterisks 

in d indicate the actual middle lamella. P, axial parenchyma cell; SE, 
sieve tube element. Scale bars 500 nm (a–d), 1 µm (e–h)
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Both aspen and oak fibers showed similar distributional pat-
terns of pectin and hemicellulose epitopes.

LM5 galactan epitopes were abundant in CML of fibers 
(Fig. 12b, Supplemental Fig. 7b), whereas LM6 arabinan 
epitopes were sparsely/or weakly detected (Fig. 12c, Sup-
plemental Fig. 7c). LM19/20 HG epitopes were sparsely/or 
weakly detected in CML of fibers (Fig. 12d, e; Supplemen-
tal Fig. 7d, e). However, after pre-treatment with sodium 
carbonate, LM19 epitopes increased significantly in CML 
(Fig. 12f, Supplemental Fig. 7f) compared to before pre-
treatment (Fig. 12d, Supplemental Fig. 7d).

Detection of hemicellulose epitopes in phloem 
fibers

LM15 xyloglucan epitopes were prominent in CML of fib-
ers (Fig. 12g, Supplemental Fig. 7g). Sparse LM15 epitopes 
were also detected in secondary cell walls of some phloem 
fibers, particularly in aspen (inset in Fig. 12g). LM10/11 het-
eroxylan epitopes were abundant in secondary cell walls of 
fibers, with greater abundance in outer- than inner cell walls 
(Fig. 12h, Supplemental Figs. 4i, j, 7h). Some LM10/11 

epitopes were also detected in CML of a few phloem fib-
ers, particularly middle lamella cell corner (Fig. 12h, Sup-
plemental Figs. 4i, j, 7h). Specific LM21 heteromannan 
epitopes were not detected in phloem fibers (not shown).

Discussion

To extend our understanding of hardwood phloem chemis-
try at the individual cell level, this study carried out immu-
nolocalization of pectin and hemicellulose epitopes com-
bined with eight monoclonal antibodies on four hardwood 
species. For correct interpretation of results, it is important 
to note that this study is mainly focused on understand-
ing of differences in distributional patterns of epitopes 
between cell types and between tree species when applying 
the same antibody. In the study, the absence of epitopes 
does not directly indicate the complete absence of a com-
ponent, since the antibodies used cannot cover all chemi-
cal structures of a single pectin or hemicellulose com-
ponent. Additional studies using further glycan-directed 
probes will provide more detailed in situ information on 

Table 2   Distribution of 
pectin and hemicellulose 
epitopes in phloem sclereids 
and fibers as reflected by 
immunofluorescence labeling

Parentheses indicate intensity of labeling after pre-treatment with sodium carbonate. In brief, number of 
‘+’ indicates intensity of labeling. ‘tr’ trace labeling, ‘−’ no specific labeling
SW secondary cell wall, CML compound middle lamella, Di diffuse porous hardwood; Ri ring porous hard-
wood, RG-I rhamnogalacturonan-I, HG homogalacturonan, XyG xyloglucan

Phloem cell Tree species RG-I HG XyG Xylan Mannan

LM5 LM6 LM19 LM20 LM15 LM10 LM11 LM21

Sclereid SW
 Birch (Di) − − − − − +++ +++ −
 Aspen (Di) − − − − − +++ +++ −
 Oak (Ri) − − − − − +++ +++ −
 Ash (Ri) − − − − − +++ +++ −

CML
 Birch
  Thin tr tr tr (+++) tr (−) +++ − − −/tr
  Thick tr +/++ +++ (+++) +/++ (−) +++ − − +

 Aspen
  Thin ++ tr tr (++) tr (−) +/++ − − tr/+

 Oak
  Thin ++ tr tr (++) tr (−) +/++ − − −

 Ash
  Thin −/tr −/tr tr (+++) tr (−) +/++ − − tr/+
  Thick tr +/++ +++ (+++) +/++ (−) ++ − − +/++

Fiber SW
 Aspen − − − − −/tr +++ +++ −
 Oak − − − − tr +++ +++ −

CML
 Aspen ++ −/tr tr (+++) tr/+ (−) ++ −/tr −/tr −
 Oak +++ tr/+ tr (+++) tr/+ (−) ++ −/tr −/tr −
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a single pectin and hemicellulose component. In addition, 
although in the study, we examined effects of two pre-
treatments including alkali and enzymatic pre-treatments 
on detection of pectin and hemicellulose epitopes (see 
below), there are several other possibilities that can hin-
der detection of epitopes, such as masking of pectin and 
hemicellulose epitopes by other polysaccharides (Lee et al. 
2013; Xue et al. 2013) and the potential masking effect 
of lignin in sclereids and phloem fibers. Thus, results of 

this study should be interpreted on various possibilities 
of masking that were not examined. Moreover, although 
no notable difference was detected in distributional pat-
terns of epitopes between collapsed (not displayed in this 
study)- and non-collapsed phloem, we cannot completely 
exclude the possibility for changes in distribution patterns 
of epitopes during the maturation process of phloem cells 
(i.e., during collapsing process of phloem), particularly 
living parenchyma cells.

Fig. 10   Detection of pectin and hemicellulose epitopes in oak scle-
reids. a–i Serial sections. Insets in c and i show autofluorescence 
of sclereids under UV excitation (340–380  nm). Numbers indicate 
the same cell. a Staining with toluidine blue (TB) showing over-
all homogeneity in thickness of compound middle lamellae (CML) 
between sclereids. b, c Detection of LM5 (galactan) and LM6 (ara-
binan) epitopes showing abundant and sparse localization in CML. 
d, e Detection of LM19 (un-/low methyl-esterified HG) and LM20 
(highly methyl-esterified HG) epitopes showing sparse localization in 

CML. f Detection of LM19 epitopes on the section pre-treated with 
sodium carbonate (Na2CO3) showing significantly increased localiza-
tion in CML compared to control (d). g Detection of LM15 (xyloglu-
can) epitopes showing considerable localization in CML. h Detection 
of LM10 (heteroxylan) epitopes showing abundant localization in 
secondary cell walls. i Detection of LM21 (heteromannan) epitopes 
showing absence of localization in sclereids. Scale bars 50  µm (a), 
25 µm (b–i)
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The effect of pre‑treatments on detection of pectin 
and hemicellulose epitopes in hardwood phloem

Several recent studies using immunolocalization approaches 
have shown that the enzymatic removal of pectic homoga-
lacturonan (HG) from plant sections can increase the detec-
tion of hemicellulose epitopes in several annual plant cell 
walls (Hernandez-Gomez et al. 2015; Hervé et al. 2009; 
Kim and Daniel 2012b, c; Marcus et al. 2008, 2010). Our 
recent study on softwood phloem also showed the masking 

effect of HG on detection of hemicellulose epitopes (Kim 
and Daniel 2017). This study also demonstrates that HG 
in hardwood phloem cells can mask access to LM15 xylo-
glucan and LM21 heteromannan epitopes. The enzymatic 
removal of HG from phloem sections increased detection of 
LM15 epitopes in SEs, CCs and parenchyma cells (Fig. 5e, 
f; Supplemental Fig. 3). The masking effect of HG on detec-
tion of LM21 epitopes was also detected in ash SEs (Fig. 7). 
However, at present, it is unclear whether the absence of 
LM21 epitopes in pre-treated SEs of birch, aspen, and oak 

Fig. 11   Immunogold labeling of LM19 (un-/low methyl-esterified 
HG) epitopes in birch sclereids (Scl). Staining with uranyl acetate. 
a–d Sections without pre-treatment with sodium carbonate (Na2CO3) 
showing sparse and abundant gold particles in thin- and thick com-
pound middle lamellae (CML), respectively (a, b). Note variations in 

the amount of gold particles across thick CML (b–d). e–g Sections 
pre-treated with Na2CO3 showing increased localization of gold parti-
cle in thin CML (e, f). Note increased homogeneity in distribution of 
gold particles across the thick CML (f, g). Scale bars 500 nm
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indicates differences in the effect of HG masking or actual 
difference in composition of cell walls from ash SEs.

Results also show that pre-treatment of sections with 
sodium carbonate can increase the accessibility of LM19 
antibody (Table 2; Fig. 4d). Pre-treatment of sections with 
alkali including sodium carbonate in this study is known 

to remove methyl esters from HG (Davies and Urwin 
2012; Marcus et al. 2010). This indicates that increase in 
the binding of LM19 antibody (binds to un-/low methyl-
esterified HG) in phloem cells after pre-treatment of sec-
tions with sodium carbonate may mostly be due to removal 
of methyl esters from HG (Davies and Urwin 2012). The 

Fig. 12   Detection of pectin and hemicellulose epitopes in aspen 
phloem fibers. Numbers indicate the same cell. a Staining with tolui-
dine blue (TB). Note different staining features between inner (in)- 
and outer (ou) layers of secondary cell walls (inset). b, c Detection 
of LM5 (galactan) and LM6 (arabinan) epitopes showing consider-
able and sparse localization in CML. d, e Detection of LM19 (un-/
low methyl-esterified HG) and LM20 (highly methyl-esterified HG) 
epitopes showing sparse localization in CML. f Detection of LM19 

epitopes on sections pre-treated with sodium carbonate (Na2CO3) 
showing significantly increased localization in CML compared to 
control (d). g Detection of LM15 (xyloglucan) epitopes showing con-
siderable localization in CML. Note some sparse epitopes in second-
ary cell walls (inset). h Detection of LM10 (heteroxylan) epitopes 
showing abundant localization in secondary cell walls. Scale bars 
25 µm
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loss of binding of LM20 antibody (binds only to highly 
methyl-esterified HG) after pre-treatment may also con-
firm the effect of alkali pre-treatment for removal of methyl 
esters from HG. However, this explanation was not directly 
applicable to the thin CML of sclerenchyma cells (fibers 
and sclereids) that showed very sparse binding by both 
LM19 and LM20 antibodies, even though other cell types 
including SEs, CCs, parenchyma cells, and thick CML of 
sclerenchyma cells revealed binding by either one or both 
antibodies (Tables 1, 2). The presence of HG in thin CML 
of sclerenchyma cells was precisely shown in only sections 
pre-treated with sodium carbonate by LM19 antibody. These 
results indicate that pre-treatment with sodium carbonate 
not only removed methyl esters from HG, but also excluded 
other unknown factors that may hinder access of antibodies 
to HG epitopes in thin CML of sclerenchyma cells. Results 
also emphasize the importance of alkali pre-treatment on 
detection of HG in sclerenchyma cells, since the result of 
localization of LM19/20 epitopes without pre-treatment can 
be quantitatively misinterpreted as absence or very little HG 
present in thin CML of sclerenchyma cells, even though 
abundant HG is actually present. A similar pre-treatment 
effect of sodium carbonate on detection of HG was also 
detected in stone cells of Norway spruce (softwood scle-
reids) (Kim and Daniel 2017).

Heterogeneity in distributional patterns 
of pectin and hemicellulose epitopes in SEs, CCs, 
and parenchyma cells between hardwood species

Results demonstrate that there is no clear correlation 
between distributional patterns of pectin and hemicel-
lulose epitopes in SEs, CCs, and parenchyma cells and 
differences in xylem structure in terms of diffuse porous 
(birch and aspen)- and ring (oak and ash) porous hardwoods 
(Table 1). Instead, results indicate that there are great varia-
tions between the hardwood species studied, no matter their 
porous anatomy (Table 1).

Qualitatively (i.e., presence or absence of epitopes), SEs 
showed a clear difference between the hardwood species 
studied in relation with distribution of LM10 heteroxylan 
and LM21 heteromannan epitopes. LM10 epitopes were 
absent in aspen, but were present in the three other spe-
cies, even though epitopes in birch SEs varied between SEs 
including their absence (Table 1). LM21 epitopes were only 
detected in ash SEs, specifically after removal of HG from 
SE cell walls (Table 1). Based on the general idea that the 
function of heteroxylans and heteromannans is related to the 
physical properties of wood cell walls, it can be expected 
that heteromannans and/or heteroxylans in SEs may con-
tribute to strengthening of the SE cell wall and thus increase 
its suitability for long-distance transportation of assimilates 
in hardwood phloem. The absence of these two epitopes in 

CCs and parenchyma cells (i.e., non-transporting cells) may 
support this hypothesis. However, at present, the reason for 
qualitative and quantitative differences in distributional pat-
terns of these two structural polysaccharides in SEs between 
the hardwood species studied (i.e., aspen vs. birch vs. oak/
ash) remains unclear.

Results also showed several notable differences in the 
relative abundance of epitopes between the hardwood spe-
cies studied. With respect to side chains of RG-I, difference 
in relative abundance of LM5 galactan and LM6 arabinan 
epitopes was overall smaller in aspen than the three other 
species. This result may reflect difference in the ratio of 
galactan and arabinan substitutions in RG-I between aspen 
(relatively similar between the two components) and the 
three other species (much richer in arabinan substitutions) 
(Figs. 1, 2; Table 1). However, there is also the possibility 
of difference in the amount of AGPs between birch and the 
other three species, since the LM6 antibody is known to 
bind to AGPs (Lee et al. 2005). With HG, LM19 (un-/low 
methyl-esterified HG) epitopes were much more abundant 
than LM20 (highly methyl-esterified HG) epitopes in oak 
SEs and parenchyma cells. In contrast, the three other spe-
cies showed opposite patterns (Fig. 3; Table 1), indicating 
higher degree of HG methyl-esterification in SEs and paren-
chyma cells of oak. A notable difference in the amount of 
LM15 xyloglucan epitopes was also detected in oak SEs 
and birch parenchyma cells compared to the same cell type 
in the other three species (Fig. 5). The abundance of heter-
oxylan epitopes in SEs was also notably higher in oak and 
ash than birch.

Many studies have proposed that galactan and arabinan-
rich forms of RG-I contribute to increasing cell wall firm-
ness and flexibility in plant cell walls, respectively (Lee et al. 
2013; McCartney et al. 2000; Moore et al. 2013; Ulvskov 
et al. 2005; Verhertbruggen et al. 2009a, b). The pattern and 
degree of methyl-esterification also affect significantly the 
mechanical properties of plant cell walls, such as elasticity 
that is decreased with lower degree of methyl-esterification 
(Bidhendi and Geitmann 2016; Willats et al. 2001). Xylo-
glucans and heteroxylans are commonly related to strength 
of plant cell walls. These ideas suggest that variations in 
the structure and/or amounts of pectins and hemicelluloses 
as described above can lead to differences in mechanical 
properties of phloem cell walls between hardwood species.

Heterogeneity in distributional patterns of pectin 
and hemicellulose epitopes in sclereids and phloem 
fibers between hardwood species

Like primary wall cells (i.e., SEs, CCs and parenchyma 
cells), results of sclereids and phloem fibers (secondary cell 
wall) also indicate that there is no clear correlation between 
distributional patterns of pectin and hemicellulose epitopes 
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between diffuse- and ring porous hardwoods (Table 2). For 
example, LM5 galactan epitopes were detected more read-
ily than LM6 arabinan epitopes in aspen (diffuse) and oak 
(ring), whereas birch (diffuse) and ash (ring) showed overall 
opposite patterns (Table 2). Distributional patterns of pectin 
and hemicellulose epitopes in phloem fibers were also simi-
lar between diffuse porous (aspen)- and ring porous (oak) 
hardwoods (Table 2).

With respect to secondary cell walls, results show that 
there is no notable difference in the distributional patterns 
of pectin and hemicellulose in sclereids and phloem fibers 
between the hardwood species studied. LM10/11 heteroxy-
lan epitopes were only detected in secondary cell walls of 
sclereids in all tree species (Table 2). Aspen and oak phloem 
fibers (phloem fibers were absence in birch and ash sam-
ples) also commonly showed abundant LM10/11 epitopes 
and sparse LM15 xyloglucan epitopes in some phloem fibers 
(Fig. 12g).

Considering CML (compound middle lamellae), results 
suggest that there are some variations in distributional pat-
terns of pectin and hemicellulose in sclereids between the 
hardwood species studied. LM5 galactan epitopes in scle-
reids were much more abundant in aspen/oak (Fig. 10b, Sup-
plemental Fig. 5b) than birch/ash (Fig. 8c, Supplemental 
Fig. 6b), indicating higher degree of galactan substitutions 
in RG-I in aspen/oak sclereids than birch/ash sclereids. With 
LM21 heteromannan epitopes, birch, aspen, and ash scle-
reids showed the presence of epitopes in CML, while oak 
sclereids revealed the absence of epitopes in CML (Table 2). 
As discussed above, these differences may contribute to dif-
ferences in mechanical properties of sclereid CML, such as 
firmness, flexibility, and adhesion force between hardwood 
species, but further studies are required.

In contrast to sclereids, results demonstrate that there is 
no notable difference in the distribution of epitopes in CML 
of phloem fibers between aspen and oak. Overall, CML 
of phloem fibers showed similar distributional patterns of 
epitopes to CML of oak sclereids (i.e., presence of RG-I sub-
stituted highly with galactan, HG and xyloglucan epitopes, 
and absence of heteromannan epitopes). This similarity is 
likely related to similar anatomical structure of CML (i.e., 
thin CML) between phloem fibers and oak sclereids.

Heterogeneity in distributional patterns of pectin 
and hemicellulose epitopes between cell types 
in hardwood phloem

With respect to primary wall cells (i.e., SEs, CCs and axial/
ray parenchyma cells), results demonstrate that there are sev-
eral differences in distributional patterns of pectin and hemi-
cellulose epitopes between cells types in the same hardwood 
species. Except for aspen, the main qualitative difference 
between cell types was detected in the distribution of LM10 

heteroxylan and LM21 heteromannan epitopes (i.e., pres-
ence in SEs and absence in CCs/parenchyma cells). Similar 
differences were also detected in the secondary phloem of 
softwood between sieve cells (i.e., similar functional cell 
to SEs, Evert 1977) and other parenchyma cells with dis-
tribution of LM21 epitopes. In Norway spruce and Scots 
pine phloem, LM21 epitopes were abundant in sieve cells 
but were absent in other parenchyma cells (Kim and Daniel 
2017). These results suggest that the deposition of heteroxy-
lans and/or heteromannans in the secondary phloem of tree 
stems only occurs in transporting cells. However, this does 
not explain the absence of these two epitopes in aspen SEs 
and some birch SEs.

Results also show there are several quantitative differ-
ences in distribution of pectin and xyloglucan epitopes 
between CCs and SEs in the same hardwood species. For 
example, SEs showed greater abundance of LM6 arabinan 
epitopes in aspen/ash, LM20 highly methyl-esterified HG 
epitopes in aspen/oak and LM15 xyloglucan epitopes in oak 
than CCs (Table 1). Together with the qualitative difference 
between the two cells as outlined above, these results indi-
cate that the chemistry of SEs and CCs is differently regu-
lated during cell development, since both cells are derived 
from the same cambial mother cell and undergo their own 
developmental process after unequal cell division from the 
cambial mother cell (Lalonde et al. 2001; van Bel 2003). It is 
proposed that the ratio of galactan and arabinan side chains 
in RG-I and the degree of methyl-esterification can affect 
the cell wall porosity/hydration and thus the movement of 
fluid (Bidhendi and Geitmann 2016; Larsen et al. 2011; 
Ulvskov et al. 2005; Willats et al. 2001). This may suggest 
that difference in the chemical structure of pectins between 
the two cell types may be related to the difference in the 
biological function between SEs (long-distance transport) 
and CCs (life maintenance of SEs). The notable difference 
in side chains of RG-I between SEs (richer in arabinans) 
and parenchyma cells (richer in galactans) in all hardwood 
species studied (Table 1) may also reflect the relationship 
between the chemistry of cell walls and physiological func-
tion of cells. For example, arabinan side chains hydrate more 
readily than galactan side chains in potato RG-I (Bidhendi 
and Geitmann 2016; Larsen et al. 2011). Several notable 
differences between CCs and parenchyma cells were also 
detected in the same hardwood species in relation with 
LM5/LM6, LM20, and LM15 epitopes, even though both 
cell types showed qualitatively similar distributional pat-
terns of pectin and hemicellulose epitopes (i.e., presence of 
RG-I/HG/xyloglucan epitopes and absence of heteroxylan/
heteromannan epitopes) (Table 1).

Compared to primary wall cells, differences in distribu-
tion of pectin and hemicellulose epitopes between cell types 
(sclereids and phloem fibers) were less significant in sec-
ondary wall cells in aspen and oak. Both cell types showed 
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abundant LM10/11 heteroxylan epitopes in secondary cell 
walls (Table 2). Since heteroxylans are a major hemicel-
lulose contributing to strengthening of the secondary cell 
wall, it can be speculated that the abundance of heteroxylans 
in secondary cell walls of sclereids and phloem fibers is 
closely related to the biological role of the two cell types in 
hardwood phloem in a mechanical support (Zhao and Zhu 
2014). The only difference in secondary cell walls between 
the two cell types was the presence of sparse LM15 xyloglu-
can epitopes in some phloem fibers. At present, we assumed 
that xyloglucan epitopes in some phloem fibers may be 
related to G-layer-like inner layers that were only detected 
in phloem fibers, but further studies are required. By the 
absence of LM21 heteromannan epitopes in secondary cell 
walls of sclereids and phloem fibers, we can also expect the 
chemistry of sclereids and phloem fibers differ from that of 
xylem fibers (i.e., sclerenchyma cells). Although heteroman-
nans (ca. 2–5%) are a minor hemicellulose type in hardwood 
xylem fibers, aspen and oak xylem fibers showed abundant 
LM21 epitopes in secondary cell walls (Kim and Daniel 
2012a, 2016). With respect to sclereids, results further dem-
onstrate that the chemistry of hardwood sclereids differs 
from softwood sclereids (stone cells) that showed abundant 
localization of both heteroxylan (LM10/LM11) and hetero-
mannan (LM21/BGM C6) epitopes in secondary cell walls 
(Kim and Daniel 2017; Whitehill et al. 2015).

Differences in CML between sclereids and phloem fib-
ers were detected in relation with distribution of LM21 het-
eromannan epitopes in aspen (i.e., presence and absence in 
sclereids and fibers, respectively) and LM10/11 heteroxylan 
epitopes in aspen/oak which were only sparsely detected in 
phloem fibers (Table 2). It is of interest that there are great 
variations in the chemistry of CML of sclereids depend-
ing on the anatomy of CML, specifically its thickness in 
the same hardwood species (birch or ash). Thicker CML 
revealed much more abundant LM6 arabinan, LM19 un-/low 
methyl-esterified HG and LM21 heteromannan epitopes than 
thinner CML (Table 2) in birch and ash sclereids. However, 
at present the reason for the difference in distributional pat-
terns of epitopes depending on the anatomical structure of 
CML is unclear.

Conclusions

Immunolocalization of pectin and hemicellulose epitopes 
in phloem cells of four hardwood species demonstrates 
that there are great variations in distributional patterns of 
pectin and hemicellulose epitopes between cell types and 
between hardwood species. Results also indicate that there 
is no clear correlation between distributional patterns of pec-
tin and hemicellulose epitopes in phloem and anatomical 
structure in xylem (i.e., diffuse- and ring porous hardwoods). 

Observations of sclereids show there are great variations in 
distributional patterns of pectin and hemicellulose epitopes 
depending on anatomical structure of CML. Immunolocali-
zation combined with alkali and enzyme pre-treatments con-
firm that detection of particular polysaccharide epitopes in 
hardwood phloem cells can be restricted by other cell wall 
components. Together, this study provides detailed basic 
chemical information of hardwood phloem at the individual 
cell wall level. This information can provide a basis for a 
better understanding of physiochemical functions of hard-
wood phloem. Findings in the study can also contribute to 
optimization of decomposition of hardwood phloem for vari-
ous applications.
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