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ABSTRACT

Mucilage is extruded from the bark of Pseudolarix amabilis and Abies nephro- 
lepis upon injury. The aim of this study was to characterize the structure and 
chemical contents of mucilage extruded from mucilage cells (MCs) in the 
bark of these species. A large number of MCs containing translucent or dark 
materials in their lumina were observed in the secondary phloem of P. amabi- 
lis and A. nephrolepis. The translucent or dark materials in MCs stained positive 
with ruthenium red and PAS, indicating the presence of polysaccharides. The 
average length and diameter of MC in P. amabilis were 1500 µm and 254 µm, 
respectively, and the corresponding values for A. nephrolepis were 419 µm and 
166 µm. Chemical analysis of low molecular weight fractions prepared from 
mucilage by HPAEC-PAD showed sucrose, glucose and fructose peaks, and in 
addition galacturonic acid and fucose peaks. Furthermore, 1H NMR spectra for 
the high molecular weight fraction showed the signals characteristic of pectin. 
This demonstrates that the mucilage consists mainly of low molecular weight 
carbohydrates and high molecular weight polysaccharide pectin.
Keywords: Secretory cells, secondary phloem, pectin, Pseudolarix amabilis, 
Abies nephrolepis.

INTRODUCTION

Pseudolarix amabilis (Pinaceae) is a rare conifer species that occurs only in a restricted 
area of China (Fu et al. 1999; Farjon 2010), while Abies nephrolepis occurs widely in 
the northeast region of China. During research on the development of secondary phloem 
in these species, it was noted that a transparent substance was extruded from the bark 
right after small bark blocks were collected from living trees. By their structure and 
shape the large cells of this substance can be classified as mucilage cells, according to 
the definition in Esau’s Plant Anatomy (Evert 2006). Only Eremin (1980) mentioned 
mucilage cells in the secondary phloem of P. amabilis. He postulated that they were 
present in the secondary phloem of Abies and also in Keteleeria. Unfortunately, neither 
staining methods nor chemical analysis were documented. The aim of this study is to 
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investigate the structure and chemical content of mucilage cells in P. amabilis and  
A. nephrolepis, and to characterize the chemical nature of the mucilage and to reflect 
on functional aspects of these mucilage cells.

MATERIALS  AND  METHODS

The tree species used in this research were Pseudolarix amabilis, growing on the cam-
pus of Nanjing Forestry University, Nanjing, China and Abies nephrolepis, growing on 
the campus of North-Eastern Forestry University, Harbin, China. Small stem blocks 
approximately 2 cm3 in size including bark, cambium and xylem were collected from 
three P. amabilis trees (DBH 20 to 30 cm) during the active and resting seasons in 2012 
and 2013. Samples of two A. nephrolepis trees were collected similarly in September 
2012.

light and electron microscopy
 Mucilage extruded from fresh stem blocks was collected and placed on glass slides 
and then stained with 0.02% ruthenium red. Two types of embedding, celloidin or 
epoxy resin embedding, were used prior to sectioning.
 Celloidin embedding – The blocks including xylem, cambium and bark tissues were 
fixed in a 4% formaldehyde solution over 24 hours and embedded in celloidin (2, 4,  
6, 8 and 10%). Then, 15 to 25 µm thick cross and radial sections were prepared by 
sliding microtome (Yamato Koki Co. Ltd., Japan), stained with 0.02% ruthenium red  
or 1% phloroglucinol in 10 M HCl and ethanol (25/75, v/v). The sections were examined 
with a light microscope (Olympus Co. Ltd., BX51). Some celloidin-embedded sections 
were observed by a light microscope equipped with an epi-fluorescence apparatus 
(Olympus Co. Ltd., BX51) to find lignified cell walls.
 Epoxy resin embedding – Fresh tissues of P. amabilis were prefixed with 2.5% 
glutaraldehyde in 0.1 M cacodylate buffer, pH 7.4 for 2 hrs at room temperature and 
postfixed with ice-cold 1% osmium tetroxide in veronal acetate buffer. The material 
was dehydrated in a series of graded ethanol and embedded in epoxy resin (Luft 1961). 
Semi-thin sections (1 µm thickness) for light microscopy were cut using a diamond 
knife on an Ultracut UCT ultramicrotome (Leica Co. Ltd.), and affixed to glass slides. 
The sections were stained with periodic acid-Schiff’s (PAS) reaction (5 min with 1% 
w/v aqueous periodic acid, 10 min Schiff’s reagent) (Dring 1955), and examined with  
a light microscope. Ultra-thin sections (0.1 µm) were picked up on Formvar-coated 
copper grids and stained for 5 min with uranyl acetate and lead citrate after Reynolds 
(1963). In a parallel series, sections were incubated in 10% H202 for 10 min and 
washed three times with distilled water before staining in order to enhance the con- 
trast of cutinized and suberized cell walls (Heumann 1990). Sections were examined 
in a JEOL electron microscope (2000EX II) at 200 kV.
 Secondary phloem tissues collected from both P. amabilis and A. nephrolepis were 
macerated with acetic acid (100%) and hydrogen peroxide (30%) (1:1 v/v) for 1 to 2 
hours. After washing thoroughly, the macerated cells were stained with safranin and 
length and width of the mucilage cells were measured under a light microscope.
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isolation of mucilage from Pseudolarix amabilis
 Bark blocks of P. amabilis for chemical analysis were collected on the campus of 
Nanjing Forestry University in December, 2013. After peeling the outer bark, the inner 
bark was dipped in 10 ml distilled water (water extract). The water extract diluted 2-fold 
with distilled water was centrifuged at 1,200 g for 30 min and filtered to obtain the 
aqueous solution. The aqueous solution was concentrated (MW cutoff 100 kDa, Merck 
KGaA, Darmstadt, Germany) and dialyzed (MW cutoff 14 kDa, Wako Pure Chemical 
Industries, Co. Ltd., Japan) against deionized water at 4 °C for 3 days to remove low 
molecular weight constituents. After freeze-drying the solution, a purified mucilage, 
was obtained. The scheme of extraction and fractionation of mucilage from the inner 
bark of P. amabilis is shown in Figure 1.

size exclusion chromatography (seC)
 We made SEC measurements on an HPLC system equipped with three straight 
connected columns: OHpak SB-805HQ, SB-804HQ, and SB-802.5HQ (8 mm i.d. × 
300 mm, SHOWA DENKO Corporation, Tokyo, Japan) and a guard cartridge (OHpak 
SB-G, 6 mm i.d. × 50 mm, SHOWA DENKO Corporation, Tokyo, Japan). The column 
outlet was connected to an Optilab rEX differential refractometer (Wyatt Technology 
Corp., CA). The mobile phase was 0.2 M KNO3. The flow rate was 0.7 mL/min. and 
column temperature was 40 °C. The injection volume was 100 µL, and the sample 
concentration was 0.1%. The sample solution was filtered with a 0.22 µm filter before 
injection. Data from the differential refractometers was collected and processed using 
Astra (v. 5.3.4.14) software (Wyatt Technology Corp., CA).

Nuclear magnetic resonance (NMr) spectroscopy
 We measured proton spectra using a JNM-AL400 spectrometer (JEOL Ltd., Tokyo, 
Japan). The sample was dissolved in D2O and examined at 80 °C in a 5 mm o.d. tube; 
3(-trimethylsilyl)-1-propanesulfonic acid sodium salt (DSS) was used as an internal 
standard. The resolution-enhanced 1H NMR spectrum was recorded with a spectral 
width of 11000 Hz in 16384 complex data points.

Ultrafiltration and Dialysis

precipitation            supernatant

low molecular weight                 high molecular weight
 fraction fraction

 HPAEC-PAD NMR SEC

water extract from bark block
(Pseudolarix amabilis)

Figure 1. A scheme of extraction and fractionation of mucilage from the inner bark of Pseudo-
larix amabilis.
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Sugar identification by high-performance anion-exchange chromatography equipped 
with pulsed amperometric detector (HPAEC-PAD) analysis
 We performed HPAEC-PAD analysis to identify sugars according to the follow-
ing procedures. The sample was injected into a CarboPak PA-1 column (4.0 mm i.d. 
× 250 mm, Thermo Fisher Scientific Inc., Waltham, MA, USA) and eluted at a flow 
rate of 1.0 mL /min with 16 mM NaOH for 20 min followed by a linear gradient from  
0 to 500 mMNaOAc in 16 mM NaOH for 50 min. The effluent was monitored with the 
PAD Dionex ICS-3000 system, and peaks were identified by comparing their retention 
times to those of the standard sugars. Data were analyzed using a personal computer 
equipped with Chromeleon 6.80 software (Thermo Fisher Scientific Inc., Waltham, 
MA, USA).

RESULTS

structure of the mucilage cells
 Soon after cutting the transverse surface of fresh bark blocks with a razor blade, 
many large cells filled with a transparent substance extruded from the surface, and 
the light reflection from the large cells was observed under a dissecting microscope 
(Fig. 2). The transparent substance or mucilage extruded profusely from fresh sample 
blocks after fixing in 4% formaldehyde solution (Fig. 3). The fresh mucilage placed 
on slide glasses was stained red with ruthenium red (Fig. 4a), suggesting the presence 
of pectinaceous substances (Frey-Wyssling 1976; Western et al. 2000, 2001). Light 
microscopic observation of cross sections indicated that the large mucilage cells 
were more or less tangentially aligned in the cross sections of Pseudolarix amabilis 
(Fig. 4c) while dense mucilage cells in Abies nephrolepis aligned in tangential bands  
(Fig. 4i, j). The MCs were observed between rows of phloem parenchyma. The secon-
dary phloem of P. amabilis consisted of phloem ray parenchyma, axial parenchyma, 

Figure 2. Large cells filled with mucilage extrud-
ing from the surface and reflecting light (arrows) 
directly after cutting the fresh bark with a razor 
blade.

Downloaded from Brill.com05/19/2023 07:31:02PM
via free access



304 IAWA Journal 36 (3), 2015

sieve cells, stone cells and MCs. No phloem fibers were present in this species. MC is 
empty in some part or mixed with translucent and dark material in other part. Some MCs 
appeared to be empty but others contained translucent and/or dark material in P. amabilis 
(Fig. 4c, 4d & 4f). In many cases, MCs in A. nephrolepis contained both translucent 
and dark materials. It was evident that MCs did not show secondary wall thickening  
(Fig. 5). Further, a phloroglucinol color reaction test showed that MCs were not lignified. 
It has been reported that a suberized layer is present in the cell wall of mucilage cells 
in Cinnamomum and some other species in basal dicot families (Bakker & Gerritsen 
1989; Bakker & Baas 1993). Fluorescence micrographs of P. amabilis show relatively 
bright cell walls of MCs compared to those of phloem parenchyma cells (Fig. 5). 
However, after enhancing the contrast with H2O2, we could not see a suberized layer 
in the cell wall of MCs in P. amabilis with TEM (Fig. 6). Figure 4d shows two MCs 
at higher magnification. Both cells contain translucent, hazy and dark materials in the 
cell lumen with concentric layered structures, suggesting the presence of mucilage. 
Figure 4e is a SEM micrograph, showing concentric layered structures with radiating 
mucilage between each layer and somewhat homogeneous material in the center. Cells 
in the leaf of Araucaria angustifolia containing similar concentric-layered structures 
with radiating mucilage (“denser mucilage rays”) have been reported by Mastroberti 
and Araujo Mariath (2008).
 Compared with unstained sections (Fig. 4f & 4i), the contents of MCs of both P. ama- 
bilis and A. nephrolepis stained red with ruthenium red (Fig. 4g & 4j). Figure 4g  
shows that among seven MCs three of them contained cell contents. Furthermore, 
those MCs that contain some material in the cell lumen stained red with PAS (Fig. 
4b). These tests of chemical staining indicate the presence of pectinaceous material 
in some MCs in P. amabilis and many MCs in A. nephrolepis. It is worth to note that 
some MCs in the rhytidome were also stained red by ruthenium red. MCs were also 
observed in other genera and species of Pinaceae such as Keteleeria fortunei and 

Figure 3. Transparent mucilage hanging down from a bark 
block after fixing with 4% formaldehyde.

→
Figure 4. Mucilage on a slide glass extruded from the inner bark of Pseudolarix amabilis 
stained red with ruthenium red (a). MCs in semi-thin section are stained red by PAS (b). MCs 
are roughly aligned in a tangential direction in the secondary phloem of P. amabilis and some 
of them contain dark materials (black arrows in c). A higher magnification of two MCs, each 
containing concentric layers of translucent materials and dark material in the center of the cell  
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lumen (d). SEM image of an MC shows concentric rings and spoke-like structures between  
layers (e). Unstained P. amabilis cross section showing three among the seven MCs contain-
ing dark materials in the cell lumen (arrows, f). Three MCs containing cell contents shown in 
f staining red with ruthenium red (g). A radial section in P. amabilis shows two MCs mostly or 
partially filled with dark materials (arrows, h). A large number of MCs containing dark materials 
distributed in orderly arrays in an unstained cross section of Abies nephrolepis (i), and almost  
all MCs of the same species staining red with ruthenium red (j). Macerated MC from the  
phloem tissue of P. amabilis (k) and A. nephrolepis (l).
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Pseudotsuga sinensis, in which MCs were also tested for ruthenium red staining and 
reacted positive. A radial section of P. amabilis shows dark stained materials in two 
MCs (arrows in Fig. 4h). It was confirmed that those materials showed brightness under 
the fluorescence microscope, which might suggest the presence of some substance that 
absorbs ultraviolet rays.
 Figures 4k and 4l show macerated MCs from P. amabilis and A. nephrolepis, re- 
spectively. These mucilage cells possessed smooth, thin cell walls and look like axial 
parenchyma cells in shape except for their large size. Based on measurements of 50 
cells each, the average length and diameter of MC in P. amabilis were 1500 µm, and 
254 µm, respectively, and the corresponding values in A. nephrolepis were 419 µm and 
166 µm, while the average corresponding values of axial parenchyma in P. amabilis 
were 112 µm and 52 µm. In the bark of P. amabilis, the cross-sectional area of MCs is 
650 times larger than that of phloem axial parenchyma cells.

Chemical contents of mucilage cells
 Directly after collecting fresh wood blocks, both outer bark and xylem were removed. 
Only mucilage collected from the inner bark was used for chemical analysis.
 The results of SEC analysis of the mucilage are shown in Figure 7. A broad peak 
with a retention time of 22 min derived from the high molecular weight fraction and 
some large peaks with retention times of 39–45 min derived from the low molecular 
weight fractions (dotted line). The high molecular weight fraction was successfully 
isolated by dialysis, shown as a broad peak at retention time of 22 min in Figure 7 
(solid line).

Figure 5.  Fluorescence micrograph 
showing clear contours of MCs which 
distribute almost evenly in the second-
ary phloem of Pseudolarix amabilis. 
✴ = mucilage cell; ca = cambium;  
x = xylem. 

500 µm

Figure 6. Transverse section of mucilage cell wall 
and phloem parenchyma cell (PPC) wall (TEM). 
No suberized layer can be observed in the mucilage 
cell wall.

  MC wall PPC wall
I                    II                      I
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Figure 7. Elution patterns of mucilage from Pseudolarix amabilis by SEC analysis. Dotted line 
shows a broad peak (arrow) and some large peaks derived from low molecular fraction before 
dialysis and ultrafiltration. Solid line shows only a broad peak (arrow) derived from high mo-
lecular weight fraction after dialysis and ultrafiltration.
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Anomeric
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Figure 8. 1H NMR spectra of high molecular weight fraction recorded on a 400 MHz spectro-
meter in D2O at 80 °C.

 Figure 8 shows the 1H NMR spectrum for the high molecular weight fraction. The 
spectrum, some proton signals of anomeric regions (δH 4.5−4.8, δH 5.0−5.4) and two 
characteristic signals (δH 1.1 and δH 2.1), was typical for a pectic substance (Tamaki 
et al. 2008).
 Chemical analysis by HPAEC-PAD for the low molecular weight substances obtained 
from the dialysate showed the peaks of fucose, galactose, glucose, sucrose and fructose 
from the inner bark of Pseudolarix amabilis (Fig. 9). In addition to these peaks, a peak 
corresponding to galacturonic acid was found.
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DISCUSSION

The exceptionally large cells found in the secondary phloem of Pseudolarix amabilis 
and Abies nephrolepis are categorized as “mucilage cells” in accordance with plant 
anatomy textbooks (Roth 1981; Evert 2006). Oil and mucilage cells have been reported 
in some families of dicotyledons, including Annonaceae, Cactaceae, Lauraceae, 
Magnoliaceae, Malvaceae and Liliaceae, and appear like large parenchyma cells 
(Metcalfe & Chalk 1979; Baas & Gregory 1985; Gregory & Baas 1989; Lerson et al. 
2006). In some hardwoods oil and mucilage cells associated with xylem ray and axial 
parenchyma have been reported (IAWA Committee 1989 [Wheeler et al.]). Oil and 
mucilage cells are parenchymatous idioblasts filled with oil or mucilage, enlarged and 
rounded in outline. Despite an exhaustive literature research, including the classical 
plant anatomy textbooks (Esau 1969; Roth 1981; Evert 2006), MCs appear not to have 
not been reported in the secondary phloem of coniferous trees. The only exception was 
a Russian paper (Eremin 1980). According to Eremin, mucilage cells in the secondary 
phloem of P. amabilis were greater than 200 µm in diameter at a distribution density of 
13–16 per mm2. We also measured the length and diameter of MCs in the secondary 
phloem of P. amabilis and A. nephrolepis. The average length and diameter of MCs 
were 1500 µm and 254 µm in the former and 419 µm and 166 µm in the latter. The 
size of MCs is variable depending on species. Ultrastructural studies have shown that 
in Cinnamomum, Annona, Laurus and Persea, mucilage and oil cells are characterized 
by a suberized layer deposited against the primary wall (Maron & Fahn 1979; Platt-
Aloia et al. 1983; Bakker & Gerritsen 1989, 1990; Bakker & Baas 1993). However, 
no suberized layer was observed in the MC wall of P. amabilis. Mucilage cells typical 
for Malvaceae also lack a suberized layer (Bakker & Baas 1993).
 Our observations lead to the conclusion that the MCs in the secondary phloem of  
P. amabilis and A. nephrolepis produce mucilage containing pectinaceous substances.  

 0 5 10 15 20 25 30 35 40 45 50 55 60 65 70

                                       Retention time (min)

 C
ha

rg
e 

(n
C

)
290

240

190

140

90

40

-10

Fuc

Gal

Glc

Suc
Fru

N.A.

GalA

Figure 9. HPAEC-PAD chromatogram of low molecular weight fraction showing not only the 
peaks of fucose (Fuc), galactose (Gal), glucose (Glc), sucrose (Suc) and fructose (Fru), but also 
the peak of galacturonic acid (GalA). — N. A.: not assigned.
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It is noted that the other two species from two genera, Keteleeria fortunei and 
Pseudotsuga sinensis in Pinaceae also produce MCs with the same staining reaction. 
The presence of pectin by ruthenium red staining was shown in a study of Arabidop-
sis seed coats that produced a large quantity of mucilage (Western et al. 2000, 2001; 
Haughn & Western  2012). Chemical and cell biological analyses indicated that the 
mucilage in Arabidopsis seed coats represented a specialized secondary cell wall com-
posed primarily of pectin with lesser amounts of cellulose and xyloglucan (Haughn 
& Western  2012).
 Mucilage extruded from MCs in P. amabilis was composed of low molecular weight 
carbohydrates and a water soluble polysaccharide, pectic substance. Two character-
istic peaks in the NMR spectrum were assigned to the acetyl group linked by ester 
bonds to the carboxyl group in galacturonic acid and the methyl group at position 6 
of rhamnose in rhamnogalacturonic acid. These results obtained by 1H NMR analysis 
indicate the presence of chemical components of pectin. Therefore, we conclude that 
the high molecular weight substance of the mucilage of MCs in the secondary phloem 
of P. amabilis is mainly pectin.
 Secretory cells of many species contain a wide variety of materials, such as resins, 
mucilage, gums, tannins and oils, which may be helpful in taxonomic studies (Metcalfe 
& Chalk 1979; Evert 2006). In fact, the presence of secretory cells containing mucilage 
may serve to identify P. amabilis and A. nephrolepis.
 The physiological functions of MCs in the secondary phloem of P. amabilis and A. 
nephrolepis deserve discussion and further study. In general, mucilage cells represent 
effective water and carbohydrate reservoirs. Mucilage has a high water-binding capacity 
due to the large number of hydroxyl groups in the polysaccharide (Clifford et al. 2002). 
Clifford suggests that mucilage and polysaccharides in Ziziphus leaves might have a role 
in managing drought stress and that the water in mucilage might be used to remobilize 
solutes for osmotic adjustment prior to defoliation. In some plants, seed mucilage also 
serves as a water reservoir for germination, especially under moisture stress (Sun et al.  
2012). Similarly, a large number of MCs found in P. amabilis and A. nephrolepis may 
serve as a water and sugar reservoir for secondary growth. Future research of MCs 
combining physiological, biochemical and ultrastructural studies may be able to reveal 
detailed physiological functions of mucilage cells found in the secondary phloem of 
these coniferous trees.
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