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ABSTRACT

The anatomy of the root caps in four root types of Avicennia marina were studied using conventional histological tech-
niques by Ligth Microscopy (LM) in order to relate their development and structure of their function as environmental
adaptation in mangrove’s root and to identify cellular polarities with respect to gravity. In columella cells, nuclei are
located proximally. The result reveals that root caps consisted of two regions, i.e., central columella or statenchyma and
peripheral regions. The columella cells (statocyte) are in the form of oval to rectangular. We also found that all root
with marked gravitropism have statoliths that settle along different walls of that statocyte. Caps vary in form and size
within root system of 4. marina. The most striking feature of the root is the distinct and extensive root cap with quite
long files of cells. From its shape, structure, and location, it seems clear that the root caps protects the cells under it

from abrasion and assists the root in penetrating the soil.
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1. Introduction

Avicennia marina (the gray mangrove) is a common
mangrove species on tropical and subtropical sea shores,
swamps and stream banks [1,2]. It grows in estuaries
where it is subject to tidal flooding and the soil is an-
aerobic. It develops a fairly complex root system. In ma-
ture tree, the root system of A. marina is complicated and
it has four root types, i.e. cable roots, pneumatophores,
feeding root, and anchor roots ([3]). Each of them has its
own particular growth direction, that is, vertical (both
upwards and downwards) and horizontal, but there is
lack information about the structure especially on the
root cap of different root types that show the specific
characters of different function and growth direction.

The root cap is a universal feature of angiosperm,
gymnosperm, and pteridophyte roots. The root cap is a
specialized structure located distal to the root apical mer-
istem of nearly all higher plants. Besides providing pro-
tection against abrasive damage to the root tip, the root
cap is also involved in the simultaneous perception of a
number of signals-pressure, moisture, gravity, and per-
haps others—that modulate growth in the main body of
the root [4].

Mangrove roots can be characterized on the basis of
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various structural properties, but by far the most study of
mangrove’s root structures were not enough to explore
the characteristics of their root caps. Most of the study in
mangrove’s roots were focus on the architecture [5-7],
aerenchyma tissue [8-10], anatomy and morphology [11-
13], gravitropism [6,14,15], the effect of root epibiont
complexity [16], degree of shading [17,18], root density
[17,19], and gas exchange [20-23].

The morphology of the root and root cap is determined
primarily by the root apical meristem, because typically
the radially symmetric meristem forms a cylindrical root.
Anatomical information for the meristem is useful to
understand the root morphology of A. marina, but the
cellular patterns in the meristem in relation to the root
proper and cap have been analyzed in detail in only a few
species. [24] described that in three species of Cladopus
with either narrow or broad ribbon-like roots covered by
hoodshaped dorsiventral root caps, the outermost layer of
the root cap is an acroscopic extension from the ventral
dermal layer of the root meristem. The crustose roots of
Hydrobryum japonicum and Zeylanidium olivaceum have
a moderately layered structure of the meristem along the
margin of the root lobe, which is framed by a root cap
(protective tissue) [25,26].

The root of Indotristicha ramosissima appears to have
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a meristem of the closed type, which is demarcated from
the root cap ([27]). Thus, the results of previous studies
differ considerably in the organization of the root meris-
tem and cap. However, very little information is avail-
able to consider the structure of the root cap in mangrove
species, especially 4. marina.

Studying the anatomy structures of root cap could lead
to a better understanding of the morphology and func-
tional adaptation of mangrove roots. In the present paper,
consideration is given to the structure of the root caps of
four root types in A. marina and, in particular, to how the
meristematic initial cells of both the central cap colu-
mella and the lateral portion of the cap which surrounds
the columella are organized in relation to the production
of new cells.

2. Materials and Method

All the root samples were taken from 5 adult trees (10 -
15 cm in trunk diameter at base, 0.5 - 1 m tall) of 4. ma-
rina which growth in Surabaya beach (7°12'28.82"S
112°46'33.35"T), East Java Province in Java Island, In-
donesia, at March 2010 and September 2010. Around the
sample trees, we excavated root system (Figure 1) of the
trees during low tide and collected 1) cable root tips, 2)
pneumatophore tips, 3) feeding root tips, and 4) anchor
root tips. For each root tips, we collected more than five
tips.

2.1. Histology

The samples of root tips that corresponded to all types of
root were fixed in the field. The samples were prepared
for embbeding in paraffin wax and sectioning. They were
fixed in FAA (70% ethanol, 10% formalin, and 5% acetic
acid in the volume ratio 90:5:5). The air in the tissue was

ground

&

Figure 1. Simplified diagram of the mature A. marina root
system showing the different types of roots observed. CaR
(cable roots), primary roots with lateral horizontal growth.
PnR (pneumatophores), aerial roots with upward vertical
growth from CaR. FeR (feeding roots), lateral horizontal
roots grown from PnR. AcR (anchor roots), vertical roots
grown downward from CaR. T: trunk. Bar =2 cm.

PnR
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evacuated using an oil rotary vacuum pump. The samples
were dehydrated in an ethanol series and embedded in
paraplast plus (Oxford Lab, USA) at 59°C. Longitudinal
thin sections in 9 - 12 um were cut using a rotary micro-
tome (HM 350 Micron, Germany), stained in Safranin-
Fast Green [28-30], and permanently mounted using en-
tellan. Finally, all the observation was carried out using
light microscope (BX 50, Olympus, Japan). Microscopic
images were taken by microscopy camera (PM-C35,
Olympus, Japan) and recorded on Fuji Film Neopan F
ISO 32/16° films for black and white prints. The meas-
urement and counts carried out on the cells of caps and
the statocyst of the different root types were performed
on 15 sections of each root (5 roots for each root type)
using computer assisted image analysis (version 3.5 Sci-
entific Imaging Software, IP Lab USA) by digitizing the
images with a digital camera attached to a compound
microscope. The results were analyzed using one-way
analysis of variance (ANOVA, minitab version 13, a =
0.05).

2.2. Root Cap Dimensions and Cell Numbers

Median sections from root tips sampled of four root types
of A. marina were located and the lengths and breadths
of the root caps were measured, as shown in Figure 1.
The total number of cells in each root cap was estimated
according to a morphometric method described in [31].
The numbers of cell in each of tiers of the cap were esti-
mated similiarly. Dimensions of cap cells in meristem,
columella, lateral, and peripheral region were measured
using an eyepiece graticule.

3. Results

The root cap of the four root types of Avicennia marina
was a cup-shape and extended as a distinct, elongate
sheath of several cell layers over more than 3 mm in all
root types. Root caps consisted of two regions, i.e., cen-
tral columella or statenchyma (Figure 2, co) and periph-
eral regions (Figure 2, pe). However in this species the
differences densely staining of the horizontal layer of
columella were not so clearly like in Sonneratia alba. The
columella cells (statocyte) are in the form of oval to rec-
tangular.

There were no measurable differences of columella
cells between the root types in Avicennia marina (Figure
2). Of pneumatophore emerging from the mud, the apical
structure rapidly changed. In the old pneumatophores, the
small cap enlarged to a corky wart, and more than a
dozen corky layers extended down the sides of the apex.

The cable roots had biggest of all numerical character-
istics of root apex structure of A. marina compare to the
other root types. Columellar initials are directly con-
tacted with the cortex and epidermal initials. All root

AJPS



Characteristics of Root Caps in Four Root Types of Avicennia marina (Forsk.) Vierh. 855

Figure 2. Median longitudinal sections of Avicennia marina
root tips, showing closed type root structure with prominent
root caps and three tiers initials. (A) Cable root (Bar = 400
pum); (B) Pneumatophore (Bar = 400 um); (C) Feeding root
(Bar = 100 um), and (D) Acnhor root (Bar = 100 um). c-e:
cortex-epidermis; co: collumela; rc: root cap; v: vascular
bundle; pc: procambium; pe: peripheral region.

types had such distinct columellar initials not touched by
the vascular initials. The columellar initials also have
cytoplasm with more lightly stained than that of adjacent
cells. The number of longitudinal layers of columella was
quiet different between the root types. The columella
consisted of horizontal layers of cells regularly arranged.
In narrower roots (anchor roots and feeding roots), the
columella had 15 - 18 layers, while thicker roots (cable
roots and pneumatophores) had 18 - 25 or more layers
(Table 1), although exact determination of the number
was fairly difficult because old root cap remained even
after emergence from ground surface. Each of columella
layers had horizontally arranged oval or rectangular cells
(statocytes) in longitudinal section. These statocytes di-
vided anticlinally, and cells situated on both sides of the
columella began to enlarge in radial direction with de-
velopment of vacuoles and became stainable with Sa-
franin, and they were destinated to become peripheral
cells. Cells at the tip of columella and outermost periph-
eral cells in anchor, feeding and cable roots were slashed
out by soil, although collapsed residues of those cells
were persistent in pneumatophores (Figure 2(B)).
Statocytes of the columella have amyloplasts (stato-
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liths) in the cytoplasm. The distribution and amounts of
the statoliths were apparently different among the differ-
ent root types (Table 2). Anchor roots have the smallest
statocytes (322.2 pm”) among the four root types and the
number of statocytes was about 14 statoliths per cell.
Smaller statoliths (about 2.5 um in diameter) accumu-
lated at the distal wall of the statocyte, nucleus of which
was located near the proximal wall. Cable roots had the
largest statocytes (about 693.6 pm”) among the four root
types with the number of statocytes was about 12 stato-
liths per cell. The statoliths were small, 2.9 pm in di-
ameter, and located near the proximal wall of the stato-
cyte, nuclei of which were located near the distal wall.
Feeding roots have statocytes of (about 458.7 pm?) and
the numbers were about 10 statoliths per cell. The stato-
liths were about 2.9 um in diameter and accumulated
along one of the two longitudinal walls of the statocyte,
nucleus of which was located near the proximal wall.
Pneumatophores had statocytes of (about 579.5 pm?) and
the numbers of statoliths were about 10 per cell. The sta-
toliths are large (about 2.6 um in diameter) and accumu-
lated along one of the two longitudinal walls of the sta-
tocyte, nucleus of which was located near the distal wall.

Although the distribution and amounth of the statoliths
were apparently different among the different root types,
however the diameter of the statoliths in the statenchyma
of the various root types was quite constant (Table 2),
between 2.5 and 2.9 um, and the means was not signifi-
cant differently (ANOVA, p < 0.05). The biggest area of
statoliths was found on cable roots, about 693.6 um®.
However, the area of statocyte was significantly different
between root types.

Root hairs were also never observed in the feeding
root of A. marina as like as in S. alba. Since root hairs
often lack in marsh plants, it can not assume that persis-
tent cap layers fundamentally responsible of hairs in
mangrove roots [5].

4. Discussion

The purpose of this study was to examine the micro-
scopic structure of the root cap of four root types of A.
marina and to show their adaption in estuaries. All of
four types had various sizes of root cap (RC) and the
number of cells layer as well. Generally the root cap is a
cup-shaped, loosely cemented mass of parenchyma cells
that covers the tip of the root. As cells are lost among the
soil particles, new ones are added from the meristem
behind the cap. The cap is a unique feature of roots; the
tip of the stem has no such structure. From its shape,
structure, and location, its primary function seems clear:
It protects the cells under it from abrasion and assists the
root in penetrating the soil. Phenomenal numbers of cap
cells are produced to replace those worn off and lost as
root tips push through the soil.
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Table 1. Numerical characteristics of root apex structure of Avicennia marina.

Range of apical Root cap diameter

Vascular cylinder

Range of zone Radius of cortex

Numbers of

Root type meristem from the . elongation from the (no. cells)
tip (um) (m) diameter (jum) apical meristem (pm) root cap layers from longisection
Cable roots 664 +85.2 1695+ 101.4 775 + 84.5 550 +£95.3 26+ 1.5 30+3.5
Pneumatophores 520+75.3 1482 +£95.7 674 +91.7 495 £90.5 18+ 1.6 35+23
Feeding roots 243 +28.8 478 £ 60.3 257 + 60.4 190 +40.5 15+2.5 26+2.7
Anchor roots 267 +32.5 690 +99.3 243 £51.4 255+85.6 18+2.6 23+23

Table 2. Size of statocytes and statoliths in different root types of Avicennia marina. Different letters (superscript) show sig-

nificantly different by ANOVA (p < 0.05).

Cable roots Pneumatophores Feeding roots Anchor roots
Statocyte length (uum) 41.4+4.93° 34.6+7.16° 26.1+3.42° 21.6+2.44°
Statocyte width (um) 16.7 +2.44° 16.6 +2.44° 17.4 +2.43° 14.9 +0.76°
Statocyte area (um?) 693.6 + 149.80° 579.5 £ 146.33° 458.7 +94.56° 322.2 +39.26°
Number of statoliths/statocyte 12.1 +£2.69° 10.2 = 1.43° 10.6 + 1.83° 13.8 +£39.26"
Statolith diameter (ym) 29+0.61° 2.6+ 0.24 2.9+0.62° 2.5+ 0.42°

Values are means + s.e.; n = 50. Measurements were made randomly on 15 longitudinal sections of each root type.

This tissue of this RC is strictly organised into two
parts: the columella (in central position), and the lateral
root cap (LRC) around the columella This shape is pre-
sent on roots in all major species [4,32]. Like another
mangrove species such as Sonneratia alba, the most
striking feature of the root is the root cap and the mature
root cap extended as a distinct, elongate sheath of several
cell layers over more than 3 mm in all root types.

Medial longitudinal sections through the primary root
show the relationships of the various cell files to each
other (Figure 2). The cells of the meristem are arranged
into three tiers of cells and therefore correspond to the
closed meristem organisation of [33]. The lower tier of
cells (protoderm) is composed of the initials of the root
cap and epidermis. The middle tier (periderm) is com-
posed of central cells flanked by cells which are con-
tiguous with the files of the cortex and endodermis. The
upper tier of cells (plerome) is contiguous with the cells
of the stele.

Histological observations show that the columella it-
self is composed of two different cell types: the stato-
cytes, which are mostly located in the internal layers of
columella (and occasionally in some lateral root cap
cells), and the secretory cells constituting the LRC and
the external columella layer. This condition appropriate
to the research of [4] and the structural evidence obtained
in studies of different root types indicates that the roots
are effective in water and nutrient absorption. [34] de-
scribe a pattern of cell division in the cap meristem in
detail. The regions considered were columella and flank
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meristem and the principles of the model may be re-
garded as general for the caps of roots, such as mangrove,
with a closed meristem structure.

A striking feature of the organisation in the A. marina
root is the conservation of cell file numbers in the vari-
ous tissues. The conservation of file number and organi-
sation is stringent in the primary root. There is little
variation in the number of cell files in the root cap, cor-
tex and columella, with some variability in the epidermis.
Therefore the relative invariance in the resulting pattern
is probably due to the fact that the primary root meristem
is laid down during embryogenesis when the patterns of
cell divisions are rigorously controlled and also they
have a specialized patterns growth direction and function.
The small variability in cell numbers observed in primary
roots and the relative simplicity of the tissue pattern, fa-
cilitates the interpretation of the effects of their function
on the cellular level with an accuracy uncommon in other
plant systems.

The existence of various sizes of statoliths in the root
cap of each root types revealed that it involved in the
perception of gravity by the plant. The statoliths were
denser than the cytoplasm and can sediment according to
the gravity vector. The position of statoliths indicate that
they are heavier than surrounding cytoplasm. A stable
direction of growth (Figure 1) can be established either
upwards, downwards or horizontally with the amy-
loplasts sedimenting on the proximal, distal or longitudi-
nal cell walls of statocytes. This could be because amy-
loplast act as a ballast [35] and their sedimentation has
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no significantly physiological effect.

5. Conclusion

It can conclude that root caps of 4 root types consisted of
two regions, i.e., central columella or statenchyma and
peripheral regions. The columella cells (statocyte) are in
the form of oval to rectangular. Caps vary in form and
size within root system of 4. marina. The most striking
feature of the root is the distinct and extensive root cap
with quite long files of cells. From its shape, structure,
and location, it seems clear that the root caps protects the
cells under it from abrasion and assists the root in pene-
trating the soil. We also found that all root with marked
gravitropism have statoliths that settle along different
walls of that statocyte. This implies that the statoliths
sensing of gravity is done by gravity on mass, and that
they are denser than surrounding cytoplasm and this po-
sition is related to growth direction.
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