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Abstract: Details on localized deposition of 
biopolymers in cell wall have rarely been studied. 
Anatomical observation is important to 
understand tissue-specific accumulation of 
biopolymers and such knowledge can further 
clarify tissue-function. Myrtaceae roots possess 
alternating suberized and non-suberized cell 
layers known as polyderm that exist beyond the 
endodermis. It is important to understand firstly, 
where biopolymers accumulate in this tissue and 
secondly what mechanisms control cell wall 
modification. This study aims to study areas of 
biopolymer deposition in Myrtaceae root tissues.  
Root specimens were sectioned freehand or with 
an ultramicrotome after embedding in Technovit 
7100 resin. Root sections were stained with 
berberine hemisulfate-aniline blue-safranin O 
series or just phloroglucinol and observed under 
a fluorescent or optical microscope. 
Different biopolymers accumulated alternatively 
on opposite sides of the cell wall in polyderm. In 
non-suberized tissues, lignin accumulation was 
dominant and its accumulation appeared to be 
“closed” centripetally resembling the letter “w”. In 
suberized tissues, it resembled the letter “m”. 
This tissue-specific accumulation pattern was 
common in all five Myrtaceae species.  
What factors could control and regulate such 
patterned and tissue-specific accumulation of 
biopolymers? Could this accumulation pattern 
itself be a contributing factor to its protective 
role? Discovery of this pattern, specific to 
Myrtaceae root polyderm, triggers more 
investigations on the effect of biotic and abiotic 
stress on biopolymer accumulation in it. 
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Introduction 
 
In higher plants, the cell wall is the first compartment 
to be affected by stress signal (Komatsu et al. 2010, 
Salvador et al. 2013). Lignin and suberin that 
accumulate in the plant cell wall play an important 
protective role against fungal diseases and insect 
attacks (Moerschbacher et al. 1900, Nelson and 
Wilhelm 1957, Williamson 1984). So far lignin and 
suberin accumulation has been observed in the bark 
(Hawkins and Boudet 1996), the fruit (Gong et al. 
2013), the leaf (Poovaiah 1974) and roots (Steudle 
and Peterson 1998) of plants. 

Lignin is a polymer of phenol propane units that 
accumulates within the cellulose strands and tough-
ens the cell wall (Cutter 1970). Lignification has been 
described as the most important encrusting process in 
higher plants along with other substances like suberin, 
tannins etc (Fahn 1982). It has been reported that 
lignin content in root tissues is affected during 
acclimation (Soukup et al. 2004) and by environ-
mental stress (Nii et al. 2004, Pan et al. 2006, Song et 
al. 2011). Under drought stress, phi-thickening, a 
form of lignin accumulation, developed markedly in 
cortex cells of loquat roots (Nii et al. 2004, Pan et al. 
2006). Similarly, in cortex of red bayberry roots, 
crescent-shaped lignin accumulation increased under 
drought stress conditions (Song et al. 2011). Suberin, 
on the other hand, is a polymer with poly (aromatic) 
and poly (aliphatic) domains that get impregnated in 
the inter microfibrillar spaces of primary cell walls to 
form the Casparian strip (Schreiber et al. 1994, 
Schreiber 1996, Zeier and Schreiber 1997). 

 From these studies it is evident that accumulat-
ing biopolymers such as lignin and suberin in the cell 
wall is important for plant tissues including roots. 
Knowing which root tissues accumulate lignin or 
suberin may provide further insight to understand 
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their physiological role in plant protection. 
Myrtaceae is one of the few plant families (other 

than Hypericaceae, Onagraceae and Rosaceae) that 
develop a special type of protective tissue called 
polyderm in its roots that consist of alternating 
suberized and non-suberized cell layers (Esau 1970, 
Fahn, 1982). In our previous paper (Nii et al. 2012) 
we explained how polyderm layers form due to cell 
division of the pericycle in feijoa (Myrtaceae) roots. 
One layer of pericycle divided into three layers. 
Lignin accumulated in the outermost layer and we 
called that layer thick-walled cell layer. Suberin 
accumulated in the middle layer forming the Caspar-
ian strip so we called that layer endodermis-like cell 
layer and the innermost layer retained the pericyclic 
characters that helped it divide further into a new set 
of three layers. During this observation, our attention 
was drawn to biopolymers that accumulated in 
polyderm tissues. 

In this investigation we attempted to locate the 
accumulation of such phenolic substances (mainly 
lignin and suberin) in various root tissues such as 1) 
epidermis (ep), 2) exodermis (ex), 3) cortex (co), 4) 
endodermis (en), 5) endodermis-like cells (el), and 6) 
thick-walled cells (twc) in five species belonging to 
Myrtaceae family with special focus on feijoa. Since 
chemical analysis of these substances was not 
conducted, we have called it ligno-suberic material as 
phrased by Roppolo et al. (2011). 

Feijoa sellowiana is a subtropical species of 
Myrtaceae family native to South Brazil with sec-
ondary dispersion in Uruguay (Thorp and Bieleski 
2002). As a newly rising species with ornamental and 
medicinal properties that also bear edible fruits, 
feijoa shows great potential in foods, drugs and 
cosmetics (Hardy and Michael 1970, Kolesnik et al. 
1991). In contrast to other plant structures (O’ Brien 
1994, Canhoto et al. 1996, O’ Brien et al. 1996, 
Kitayama et al.1997, Zhang et al. 2009, Zhang et al. 
2011) anatomical studies on root structures of 
Myrtaceae are very limited, especially those con-
cerning biopolymer deposition at the polyderm. 
 
Materials and Methods 
 
Five species of Myrtaceae family namely: 1) rose 
apple (Syzygium jambos), 2) strawberry guava 
(Psidium cattleianum Sabine), 3) wax apple (Syzyg-
ium samarangense), 4) guava (Psidium Guavaja), 5) 
feijoa (Feijoa sellowiana) were used for the present 
investigation. Three-year-old trees were grown in 
baskets (diameter and depth: 300 mm each, stitch size: 
30 mm) covered with non-woven fabric and filled 
with sandy soil in a greenhouse from spring to summer 
of 2013 under normal conditions. The plants were 
watered when the upper surface of the soil became dry. 

To collect roots, plants were removed from the baskets. 
New white roots were collected from the root tip to the 
basal zone. Hand-sections of roots were prepared with 
a new stainless steel razor blade. Serial transverse 
sections, commencing at approximately 5 mm from 
the root tip toward the basal portion of the root, were 
cut at 10 mm intervals to examine changes in the 
structural development as roots matured.  

Root tissues were examined under fluorescent 
microscopy (excitation wavelength 365nm) staining 
with or without several different solutions, including a 
series of berberine hemisulfate-aniline blue (Brundrett 
et al. 1988), or phloroglucinol-HCL for lignin (Jensen 
1962). Lux et al. (2005) reported a novel method for 
simultaneously clearing and staining tissue in which 
the fluorochrome 0.1% berberine hemisulfate was 
dissolved in a clearing mixture consisting of pure 
lactic acid saturated with chloral hydrate. We used this 
method and incubated the root sections in 0.1% 
berberine hemisulfate solution at 40°C for 30 minutes. 
The sections were then counterstained with 0.5% 
aniline blue (dissolved in H₂O) at room temperature 
for 30 minutes followed by saffranin O for 1 minute. 
All specimens were then placed on a drop of H2O on a 
slide glass and observed under ultraviolet light using 
fluorescent microscopy. 

Sections of the same root samples used for hand 
sectioning were fixed in 3 % glutaraldehyde (TAAB 
Laboratories, England, UK) in 0.1 M cacodylate 
buffer (Sigma Aldrich, Japan, pH 7.2) and stored at 
4°C to examine the anatomical features of cell 
development. The samples were then dehydrated 
through a graded ethanol series and embedded in 
Technovit 7100 resin (Heraeus Kulzer GmbH, 
Wehrheim, Germany). Semi-ultra thin sections (1.5 
µm) were cut using a glass knife then stained with 
methylene blue for histological examination under a 
BX 60 optical microscope (Olympus, Tokyo, Japan). 

Although root age can be determined by surface 
color (i.e., white roots are young and brown roots are 
old) and by the distance from the root tip, we consid-
ered the degree of xylem differentiation, i.e., the 
number of xylem vessels per pole as well. When 
estimating root maturity, taking xylem differentiation 
into account is considered more accurate than root 
color or distance from the root tip. For observation, 
more than twenty roots were sectioned per species but 
a representative root was selected for report since the 
basic anatomical features were similar among all root 
samples. A detailed study of feijoa roots was con-
ducted then similar traits were examined in other four 
species of Myrtaceae. 
 
Results 
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Firstly, three root tissues namely the epidermis (Fig. 
1B, ep), the cortex cells surrounding the endodermis 
(Fig. 1A, co) and the thick-walled cells existing 
beyond the endodermis (Fig. 1A, twc) were examined 
with or without staining. The term ‘thick-walled cell’ 
is used because the cell wall of this cell gets impreg-
nated with phenolic substances on one side.  

When stained with berberine hemisulfate - aniline 
blue - safranin O and observed under a fluorescent 
microscope, the epidermis (Fig. 1B, ep) and thick- 
walled cells (Fig. 1A, twc) turned reddish orange color. 
When stained with phloroglucinol and observed under 
an optical microscope, the epidermis cells (Fig. 1D, 
ep) and the thick-walled cells (Fig. 1C, twc) turned 
pinkish- red showing that lignin was present in these 
tissues. When unstained root samples were observed 
under fluorescent microscope, the epidermis (e.g. Fig. 
4F, ep) and the thick-walled cells (e.g. Fig. 4D, twc) 
emitted the bluish-white light indicating that phenolic 

substances other than lignin could be present in these 
tissues. 

A different accumulation pattern was noted at the 
epidermis and the thick-walled cells (Figs. 1A and 1B, 
small arrows). At the epidermis, the lignin accumula-
tion appeared to be “open” centripetally resembling 
the letter “m” (Figs. 1B and 1D, ep) whereas at the 
thick-walled cells it appeared to be “closed” centrip-
etally resembling the letter “w” (Figs. 1A and 1C, 
twc). 

When root samples embedded in Technovit 7100 
resin were stained with methylene blue and observed 
under an optical microscope, accumulation of 
phenolic substances was observed on only one side of 
the cell wall “closed” centripetally to the central stele 
(Figs. 2A and 2B, arrowhead). Both cortical cells 
surrounding the endodermis (Fig. 2A, arrowhead) and 
the thick-walled cells (Fig. 2B, arrowhead) accumu-
lated, mainly lignin. The thick-walled cells formed at 

 
 

Fig. 1. Difference in lignin accumulating area in the cell wall of root tissues of feijoa roots. Panels A and B show 
berberine hemisulfate-aniline blue-safranin O stained root samples in which lignin encrusted tissues turned reddish 
orange under the fluorescent microscope. Panels C and D show phloroglucinol stained root samples in which lignin 
encrusted tissues turned pinkish-red when observed under optical microscope. In thick-walled cells (twc in Panel A and 
C) lignin accumulation appeared w-shaped and “closed” centripetally. At the epidermis, (small arrow in Panel B and ep 
in Panel D) it was m-shaped and “open” centripetally. ep: epidermis; ex: exodermis; en: endodermis; co: cortex; twc: 
thick-walled cell; el: endodermis-like cell, small arrow: lignin accumulation, large arrow: suberin accumulation. Scale 
bars = 50 µm (Panels A, B and enlarged section within Panel C), 100 µm (Panels C, D ). 
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two areas, initially between the original endodermis 
and endodermis-like cell layer (Fig. 3A, twc) and 
successively between every endodermis-like cell layer 
at the polyderm (Figs. 3B and 3C, twc). It must be 
highlighted here that the term ‘endodermis-like cell’ 
layer is used because it forms beyond the original 
endodermis and bears the Casparian strip, with 
suberized cell walls resembling the endodermis. The 
formation of endodermis-like cell layers is a result of 
secondary growth of roots.  

Secondly, other three root tissues namely the ex-
odermis, the endodermis and the endodermis-like cells 
were examined. When root samples stained with 
berberine hemisulfate - aniline blue - safranin O were 
observed under a fluorescent microscope, the exo-
dermis (Fig. 1B, ex), the endodermis (Fig. 1A, en) and 
the endodermis-like cells (Fig. 1A, el) existing beyond 
the endodermis appeared bluish- white. When 
unstained root samples were observed under fluores- 

 
 

Fig. 2. Observation of accumulation of biopolymers, 
mostly lignin, in feijoa root sample embedded in Technovit 
7100 resin after staining with methylene blue. Cross 
sections (1.5 µm) were examined under optical microscope. 
Arrowheads show swelling caused by lignin accumulation 
in cortex in panel A and in thick-walled cells in panel B. en: 
endodermis; co: cortex; twc: thick-walled cell. Scale bars = 
50 µm. 

 
 

Fig. 3. Increase in polyderm layers beyond the endodermis 
in cross sections of feijoa roots. Panel A shows lignified 
thick-walled cells formation between the original endo-
dermis and endodermis-like cell. Panels B and C show 
lignified thick-walled cells formation between every 
suberized endodermis-like cell layer with Casparian strip. 
en: endodermis; el: endodermis-like cell; twc: thick-walled 
cell. The large arrow shows suberin accumulation which is 
m-shaped and “open” centripetally. Distance from the root 
tip is 80 mm (Panel A), 100 mm (Panel B), 120 mm (Panel 
C). Scale bars = 50 µm. 
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Fig. 4. Suberin accumulation in feijoa root tissues according to distance from the root tip. Un-
stained cross sections were observed under fluorescent microscope. Distance from the root tip 
is 10 mm (Panels A, E), 40 mm (Panels B, F), 60 mm (Panels C, G), 80 mm (Panels D, H). 
Left panels show suberization with Casparian strip at endodermis (en) and endodermis-like 
cells (el). Right panels show suberization with Casparian strip at exodermis (ex). The bluish 
white autofluorescence in lignin encrusted tissues such as the epidermis (ep) and the 
thick-walled cells (twc) indicating that these tissues accumulate substances other than lignin. 
The compression in cortex (co) layers can be observed in Panels E-H. Scale bars = 50 µm. 
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cent microscope, these tissues still emitted the same 
bluish-white color (Fig. 4) implying phenolic 
substances most likely to be suberin accumulated in 
these tissues. 

Suberization and the Casparian strip formation in 
the endodermis and endodermis-like cells occurred as 
roots matured. In younger roots with about 8-10 
vessels at each xylem pole, suberin-like accumulation 
was observed on the entire cell wall at the exodermis 
(Fig. 4E, ex) whereas at the endodermis, Casparian 
strips appeared to be small line-like (Fig. 4A, en) 
initially then biopolymers, including suberin, accu-
mulated in the entire cell wall of all endodermis cells 
(Fig. 4B, en). In the endodermis-like layers, suberic 
substances accumulated on only one side of the cell 
wall opposite to the stele appearing to be “open” 
centripetally resembling the letter “m” (Fig. 3C, large 
arrow; Fig. 4D).  

In tissues closer to the soil surface, such as epi-
dermis and exodermis, accumulation of biopolymers 
were aligned (Fig. 1B, small arrow and large arrow). 
In other words, both appeared to be “open” centripe-
tally resembling the letter “m”. In tissues beyond the 
endodermis, biopolymers mostly suberin, accumula-
tion in the endodermis-like cells appeared to be 
“open” centripetally resembling the letter “m” 
whereas accumulation in the thick-walled cells 
appeared to be “closed” centripetally resembling the 
letter “w.” (Figs. 3B and 3C, twc, el). Like feijoa, this 
pattern of biopolymer accumulation was common in 
all four species of Myrtaceae (Fig. 5). 

 
Discussion 
 
From the present study, a common pattern in bi-
opolymer accumulation was detected in cross 
sections of all examined Myrtaceae roots (Fig. 5). 
Biopolymer accumulation was observed in specific 
area of the cell wall in specific tissues. Since chemi-
cal analysis was not conducted in this study, it was 
not possible to distinguish whether biopolymers 
accumulating in tissues were only lignin or suberin 
and since their chemical composition differs their 
physiological role may vary. Bernards (2002) 
highlighted that suberized tissues possess a special-
ized cell wall modification consisting of poly 
(aliphatic) and poly (phenolic) domains which are 
spatially distinct but coexist in suberized cells. He 
further mentioned that the phenolic monomer profiles 
for lignified and suberized tissues are different and 
tissue specific. 

 In the examined roots, we concluded that bi-
opolymer accumulating in epidermis and 
thick-walled cells was mostly lignin because these 
tissues turned red when stained with phloroglucinol 
(Figs. 1C and 1D). Furthermore, in roots embedded 

in Technovit, noticeable “w” shaped cell wall 
thickenings were observed (Fig. 2).  

Earlier studies on biopolymers have examined the 
amount of suberin and lignin accumulation in root 
tissues. According to Bernards (2002), in general 
there is enough evidence supporting the hypothesis 
that suberized tissues contain a significant amount of 
hydroxycinnamic acids and a relatively smaller 
amount of monolignols than expected for a lignified 
tissue. He summarized the results of these analyses as 
follows: as one moves from the stele to the epidermis 
of roots, there is an increasing amount of hy-
droxycinnamic acid in the poly (phenolic) 
components of the cell walls, ranging from essential-
ly 100% monolignol in the stele (as expected for 
lignified walls of the vascular tissues) to a mixture of 
monolignol and hydroxycinnamic acid in the epider-
mis. However, the actual area of accumulation in the 
cell wall of root tissues has not gained much atten-
tion.  

This anatomical study has its limitations because 
it is not sufficient to determine the chemical nature of 
substances accumulating in the polyderm. Esau 
(1970) has defined polyderm as a tissue composed of 
alternating layers of suberized and non-suberized 
cells. What substances accumulate in the 
non-suberized cells of polyderm is not mentioned. 
This is the layer that is termed as thick-walled cell 
layer in this paper, specifically because accumulation 
of what seems to be dominantly lignin, caused 
noticeable “w” shaped swelling/ thickening in its cell 
wall. This study points out that the actual area of the 
cell wall where biopolymers get accumulated may be 
different according to root tissues.  

Biopolymers impregnate plant cell wall to estab-
lish a paracellular diffusion barrier. However, the 
mechanism of generating this tight junction remains 
unclear in molecular terms (Naseer et al. 2012). 
Perhaps, positioning of biopolymer in the cell wall is 
crucial for selective uptake of nutrients and pathogen 
exclusion because it could affect apoplastic pathways 
of water. 

The present study alone is not enough to explain 
why ligno-suberic materials accumulate on opposite 
sides of the cell wall in polyderm tissues. Neverthe-
less, it has provided details of a distinct lay out 
pattern of phenolic substances deposited in polyderm, 
a tissue unique to roots belonging to only a small 
number of plant families including Myrtaceae. 
Although the significance of such accumulation 
pattern is unknown, it is clear that certain factors 
regulate the deposit of biopolymers in this manner 
and it is beneficial to the plant. 

The presence of lignin in thick-walled cells be-
tween every endodermis-like cell layer and the 
existence of multiple layers of Casparian strips in the  
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Fig. 5. Common traits of lignin and suberin accumulation found in stained cross-sections of four 
Myrtaceae species (A, E: Syzygium jambos, B, F: Psidium cattleianum, C, G: Syzygium Sama-
rangense, D, H: Psidium Guavaja). Left panels (A-D) show w-shaped, lignified thick-walled cells 
(twc) forming between suberized endodermis-like layers (el) in the polyderm. Right panels (E-H) 
show m-shaped lignin and suberin accumulation in epidermis (ep) and exodermis (ex). Lignified 
tissues were appeared reddish orange and suberized tissues appeared bluish white when observed 
under fluorescent microscope. co: lignin accumulation in cortex cell wall. Scale bars = 50 µm. 
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endodermis-like layers, in addition to the original 
endodermis, could be functioning as multiple filters 
to enhance root function even under unfavorable 
growth conditions. Could the biopolymer accumula-
tion in the polyderm be affected by stress conditions? 
Our previous results have shown that in wax apple 
(Syzygium samarangense) roots belonging to Myr-
taceae, the number of suberized endodermis-like cell 
layers increased up to 5 layers and thick-walled cells 
with lignin increased up to 10 layers at some areas 
of the root circumference under drought stress 
conditions (unpublished data). 

Lastly, this anatomical study has broadened our 
knowledge concerning polyderm bearing roots of 
Myrtaceae at cell level. It is interesting to question - 
what factors might limit biopolymers from accumu-
lating in the entire cell walls of polyderm and how 
plants can benefit from this alternating pattern of 
biopolymer deposition. 
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