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ABSTRACT

Arriola, L., Niemira, B. A., and Safir, G. R. 1997. Border cells and ar-
buscular mycorrhizae in four Amaranthaceae species. Phytopathology
87:1240-1242.

Four species from the family Amaranthaceae were studied to deter-
mine border cell production and arbuscular mycorrhizal colonization. It
was found that border cells, also known as sloughed root cap cells, are

produced by all plant species studied and increase with increasing root
length until a maximum number is reached at a root length of 25 mm.
However, the increase in border cells with increasing root length is not
uniform between species. Arbuscular mycorrhizal root colonization was
found in all the Amaranthaceae species, and arbuscular mycorrhizal
colonization was positively correlated with maximum border cell pro-
duction.

Border cells (BC) (also referred to as sloughed root cap cells) (3,
7,12,25) are found on the root tips of many plant species including
economically important species such as cucumber (Cucumis sati-
vus), soybean (Glycine max), pea (Pisum sativum), and petunia (Pe-
tunia spp.) (7,12). BC have not been found in plants belonging to
the families Brassicaceae and Chenopodiaceae (3). BC are experi-
mentally defined as cells on the root tip that are separate from each
other and will disassociate from the root when gently agitated in
water (9). BC have also been shown to be present on the root tips
of 2-month-old corn (Zea mays) plants growing in soil (25). In
more than 15 plant species surveyed, the viability of BC isolated
from young root tips growing in petri plates was determined to be
80 to 100% (12). Viable BC of alfalfa (Medicago sativa) are capable
of redifferentiation to form callus and roots upon culturing (13).
BC can also synthesize and readily exude unique proteins that are
not present in the root tip proper (root cap, root meristem, and
adjacent cells) (4). These aspects of BC physiology have lead sev-
eral researchers to speculate that BC may influence the rhizo-
sphere’s microbial population (7–9,12,20). BC have already been
shown to influence soil fungi. Motile zoospores of Pythium spp.
were preferentially attracted to cotton (Gossypium hirsutum) BC
versus root tips after the BC had been removed (8). BC of corn
have also been shown to stimulate the growth of Pseudomonas
fluorescens, inhibit the growth of Rhizobium spp. and Escherichia
coli, and induce sporulation in Bacillus spp. (7).

Arbuscular mycorrhizae (AM) are ubiquitous soil fungi that are
capable of forming mutualistic associations with many plant spe-
cies (1). AM associations are the most common form of mycorrhi-
zae and found in most angiosperms including most major crop
species such as soybean, corn, wheat (Triticum aestivum), potato
(Solanum tuberosum), clover (Trifolium repens), and pea (6,22).
AM associations are thought to benefit plants primarily through
the uptake of nutrients (16,23), although increased disease resis-
tance resulting from AM root colonization has been suggested to
be a major factor as well (16,18,19).

There are a few plant families whose members normally do not
form AM. The most notable nonmycorrhizal plants are in the family

Brassicaceae and Chenopodiaceae (24). Although it has long been
thought that plants in the family Amaranthaceae are also nonmy-
corrhizal, recent research suggests that they may be capable of form-
ing AM associations (17). Their degree of potential AM formation,
however, is a matter of ongoing discussion (20). The physiological
and ecological factors that determine the mycorrhizal status of a
particular plant species or family are not clear. Baylis (2) sug-
gested that the propensity of a plant to form mycorrhizal relation-
ships depends on the structure and morphology of the root system.
An alternative hypothesis proposed by Niemira et al. (20) suggests
that mycorrhizal capability may correlate with BC production. This
hypothesis predicts that a relatively high degree of AM coloniza-
tion will have a relatively high level of BC production. Similarly,
low (or absent) mycorrhizal colonization would correspond with
low (or absent) BC production.

The purposes of this study were to confirm the mycorrhizal
status of species in the family Amaranthaceae and to determine
the strength of the correlation, if any, between BC production and
AM colonization in those species.

MATERIALS AND METHODS

Mycorrhizal colonization. Four species from the family Ama-
ranthaceae were studied: Gomphrena globosa L. cv. Lilac, Ama-
ranthus tricolor L., Amaranthus caudatus L. (Stokes Seeds, Inc.,
Buffalo, NY), and Celosia cristata L. cv. Red Velvet (W. Atlee
Burpee & Co., Warminster, PA). Mycorrhizal white clover, Trifo-
lium repens L., was a positive control and nonmycorrhizal field
mustard, Brassica campestris L., a negative control. There were two
treatments: (i) inoculation with the mycorrhizal fungus Glomus
intraradices Schenck and Smith and (ii) noninoculated controls.
Each treatment consisted of 10 plants from each of the above six
species. Seeds were germinated at 25°C in the dark on water agar
overlaid with Whatman filter paper (Whatman International, Ltd.,
Maidstone, England) until the radicle emerged. The noninoculated
controls were planted in a 1:1 (vol/vol) sterile soil and sand mix.
The mycorrhizal treatments were composed of seeds that were
planted in a 1:1 (vol/vol) mixture of sterile soil and soil from my-
corrhizal pot cultures that contained three spores per g of soil of
G. intraradices. The pot cultures were prepared using Sorghum
bicolor (L.) Moench and G. intraradices according to the proce-
dure outlined by Brundrett (5). The plants were grown for 8 weeks
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in a 25°C growth chamber with 12 h/12 h (light/dark) cycles and
watered as needed with distilled water. Noninoculated plants re-
ceived one application, at the rate of 20 ml per plant, of 1/4-strength
Hoagland’s solution (14) 2 weeks after planting. Inoculated plants
received 20 ml of 1/4-strength Hoagland’s solution minus phos-
phorus per plant at 2 weeks after planting. At 8 weeks, the plants
were harvested and the roots were used to determine mycorrhizal
colonization using the methods of Phillips and Hayman (21), with
the following modifications. The roots were washed, cleared, and
stained with trypan blue. A random sample of each plant’s root
system was cut into 0.5- to 1-cm segments and placed in a petri
plate. The root segments were then suspended in a lactoglycerol
destaining solution. Mycorrhizal root colonization percent was de-
termined using the gridline intersect method. The root segments
were placed on the stage of a dissecting microscope overlaid with
a t-grid, and then viewed at 250× magnification. The total number
of root segments that came in contact with the grid were counted,
as were the number of roots with signs of mycorrhizal coloni-
zation. Presence or absence of vesicles and associated hyphae
were the determining factors in establishing percent mycorrhizal
colonization. Arbuscules were rarely seen in our stained roots. The
ratio of mycorrhizal root segments to total root segments was used
to determine the percent mycorrhizal root colonization. Experi-
mental procedures were repeated with similar results.

BC enumeration. Seeds from the same four species of the family
Amaranthaceae (Amaranthus tricolor, Amaranthus caudatus, Gom-
phrena globosa, and Celosia cristata) and the mycorrhizal positive
(Trifolium repens) and negative (Brassica campestris) controls
were examined for BC production. BC were isolated and counted
using the method of Hawes and Brigham (10), with the following
modifications. Seeds were surface-sterilized with 20% commercial
bleach for 15 min, rinsed three times in distilled water, and ger-
minated under sterile conditions on 2% water agar overlaid with
Whatman filter paper. Seeds were then incubated during germina-
tion in the dark at 25°C until the radicles were the desired length.
BC production was determined when the radicles were 5, 10, 15,
20, 25, and 30 mm long. BC were isolated by immersing seedling
root tips (~2 mm) into 85 µl of sterile distilled water in a micro-
titer plate well. The root tips were immersed for 1 min, and the
water around the roots was gently agitated with a Pasteur pipette.
The roots were removed and 15 µl of aqueous 0.05% toluidine
blue stain was added, increasing the well volume to 100 µl. A 10-µl
aliquot then was removed from each well and placed on a glass

slide. The BC in the 10-µl aliquot were counted under a dis-
secting microscope at 500× magnification, and the total num-
ber of BC per well was calculated. Ten seedlings for each spe-
cies were assessed to determine the average BC number per root
at each length.

Correlation (Pearson product moment) analysis of AM coloni-
zation and maximum BC for all species was performed using
SigmaStat version 2.0 (Jandel Scientific Software, San Rafael, CA).
The experiment was repeated with similar results.

RESULTS

BC were found in all four Amaranthaceae species as well as the
mycorrhizal positive control Trifolium repens. Additionally, the
number of BC increased with increasing root length until a maxi-
mum number of BC per root was reached at 25 mm. This maxi-
mum ranged from an average high of 464 BC in Celosia cristata
(Fig. 1A) to a low of 72 BC per root in Amaranthus caudatus
(Fig. 1B). The mycorrhizal negative control Brassica campestris
did not produce BC until the radicle had reached 30 mm, at which
time an average of 4 BC per root was observed; however, most
roots did not produce BC. The increase in BC with increasing root
length was not uniform among the species surveyed. Celosia cris-
tata produced approximately 50% of its maximum number of BC
at 5 mm in length (Fig. 2A), whereas Gomphrena globosa (Fig.
2A), Amaranthus tricolor, and Amaranthus caudatus had produced
0 to 3% of their individual maxima (Fig. 2B). Trifolium repens
showed maximum BC production at 5 mm in length (Fig. 2B). For
10-mm roots, Celosia cristata had produced 74% of maximum
and Gomphrena globosa 13% of maximum (Fig. 2A). At 10 mm
in length, Amaranthus tricolor had produced 36% and Amar-
anthus caudatus had produced 7% of their individual maxima
(Fig. 2B).

AM root colonization was found in all the Amaranthaceae spe-
cies as well as in the positive control Trifolium repens. Celosia
cristata had the greatest AM colonization of the family Ama-
ranthaceae and Amaranthus caudatus had the lowest with 47%
and 25%, respectively (Fig. 3). The negative control Brassica cam-
pestris was not colonized. Mycorrhizal root colonization was closely
and positively correlated with BC production (Pearson product
moment correlation coefficient = 0.906, P = 0.0128) (Fig. 3). AM
root colonization increased as BC production increased in the
Amaranthaceae species and Trifolium repens.

Fig. 1. A, Average number of border cells (BC) per root tip at lengths of 5,
10, 15, 20, 25, and 30 mm in Trifolium repens, Celosia cristata, and Gom-
phrena globosa. B, Average number of BC per root tip at lengths of 5, 10,
15, 20, 25, and 30 mm for Amaranthus tricolor and Amaranthus caudatus.
Note change in scale between A and B. Bars represent standard error and n =
10 for each point.

Fig. 2. A, Percent individual species-specific maximum border cells (BC)
produced at lengths of 5, 10, 15, 20, 25, and 30 mm for Gomphrena globosa
and Celosia cristata. B, Percent individual species-specific maximum BC
produced at lengths of 5, 10, 15, 20, 25, and 30 mm for Amaranthus cauda-
tus, Amaranthus tricolor, and Trifolium repens. Bars represent standard error
and n = 10 for each point.
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DISCUSSION

BC production in the family Amaranthaceae was first reported
by Hawes and Pueppke (12) in Amaranthus tricolor and Celosia
cristata. The results in our study confirm these findings and show
that two previously unstudied Amaranthaceae species, Gomphrena
globosa and Amaranthus caudatus, also produce BC. Furthermore,
the number of BC produced per root increases with increasing length.
This was observed in all four of the Amaranthaceae species studied,
as well as in the positive control Trifolium repens. Hawes and Lin
(11) observed the same phenomena with pea seedlings. They found
BC numbers increasing with increasing root length until the maxi-
mum (3,400 BC per root) was reached at 25 mm. We have shown
that the number of BC at a given root length as a percent of that
species maximum is variable between species in the same family
and between families, although less variable within a genus. There-
fore, comparisons of BC production per root tip must factor in the
length of the roots used. In this study, each species showed maxi-
mum BC produced per root tip in roots 25 mm in length.

We have shown that plants within the family Amaranthaceae
are colonized by AM. Neeraj et al. (17) also found that both Ama-
ranthus tricolor and Amaranthus caudatus were colonized by AM.
As all four species tested here were readily colonized by AM, it
seems likely that mycorrhizal colonization in the family Amaran-
thaceae is more widespread than was previously believed, and this
family should no longer be considered “rarely or minimally”
mycorrhizal (6,20), but rather “moderately” mycorrhizal. The level
of colonization we observed in these species is roughly compa-
rable to plants in the mycorrhizal family Solanaceae (15).

The hypothesis suggested by Niemira et al. (20), that AM colo-
nization propensity is correlated to BC production, was supported
by our results. To more fully test this hypothesis, more research is
needed to determine BC production on actively growing root tips
from a wider range of mycorrhizal and nonmycorrhizal plants.
Given that BC are known to influence soil fungi of the genus Py-
thium and bacteria by the synthesis and exudation of stimulatory
compounds (7,8), it seems plausible that a similar mechanism may
result in the influence of BC on mycorrhizal soil fungi. Brigham
et al. (4) found that 13% of proteins found in BC were not present
in the root tip (root cap, root meristem, and adjacent cells). It is
possible that biologically active compounds including those with
specific activity towards AM fungi may be produced by the BC.
Further research into the specific nature of compounds produced
exclusively by BC may further elucidate the role of BC in
rhizoplane and rhizosphere ecology.
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