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Abstract Native grasses of semi-arid rangelands of the
southwestern USA are more extensively colonized by
dark septate endophytes (DSE) than by traditional myc-
orrhizal fungi. Roots of dominant grasses (Bouteloua sp.)
native to arid southwestern USA rangelands were pre-
pared and stained using stains specific for fungi (trypan
blue) and for lipids (sudan IV). This revealed extensive
internal colonization of physiologically active roots by
atypical fungal structures that appear to function as
protoplasts, without a distinguishable wall or with very
thin hyaline walls that escape detection by methods
staining specifically for fungal chitin. These structures
were presumed to be active fungal stages that progressed
to form stained or melanized septate hyphae and
microsclerotia characteristic of DSE fungi within dormant
roots. The most conspicuous characteristic of these fungi
were the unique associations that formed within sieve
elements and the accumulation of massive quantities of
lipids. This interface suggests a biologically significant
location for carbon transfer between the plant and fungus.
The continuous intimate association with all sieve
elements, cortical and epidermal cells as well as external
extension on the root surface and into the soil indicates
that they are systemic and considerably more prevalent
than previously thought. A fungal network associated
with a mucilaginous complex observed on the root surface
and its potential role in root function in dry soil is
discussed. It is suggested that those fungi that non-
pathogenically and totally colonize plant cells be classed
as systemic endophytic fungi (SEF). This would refine the
broad designation of DSE fungi. The potential mutualistic
benefit of SEF for native plants in arid ecosystems based
on the extent of lipid accumulation and its apparent
distribution is discussed.
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Introduction

The roots of all vascular plants are universally colonized
by diverse groups of fungi. These plant fungal associa-
tions range from pathogenic to mutually beneficial. Root
pathogens invade the vascular cylinder, plug or destroy
the conductive tissues, and induce wilting and stunting.
This results in reduced productivity or death of the host
plants. On the other hand, mycorrhizal fungi have
significant and well-documented ecological roles in the
nutrition and survival of host plants in natural ecosystems.
Mycorrhizal fungi are restricted to and grow both inter-
and intracellularly in cortical and epidermal cells and on
the root surface. Mycorrhizal associations enhance plant
nutrition, water relationships and other parameters in
exchange for photosynthetic carbon (Smith and Read
1997). Grasses of both managed and native grasslands are
naturally infected by other fungal endophytes that
enhance host vigor, competitive ability and resistance to
pests (Clay 1990).

Plant roots are colonized also by numerous species of
saprophytic fungi with extensive, symptomless endophyt-
ic or biotrophic phases in their life cycles that are not
apparent to causal observers (Parbery 1996). Increased
attention has been given to an ubiquitous group of
miscellaneous ascomycetous fungi, designated as dark
septate endophytes (DSE). Melanization of their septate
hyphae and microsclerotia gives them their characteristic
dark color. DSE fungi may function as pathogens or
saprophytes, as well as forming mutualistic associations
similar to mycorrhizas (Jumpponen 2001). DSE are found
extensively in cold, nutrient-stressed environments where
AM fungi do not proliferate (Kohn and Stasovski 1990).
A higher incidence of DSE than AM fungi was found in
Carex sp. in subarctic alpine regions (Haselwandter and
Read 1982; Ruotsalainen et al. 2002). Barrow et al.
(1997) found DSE to be more prevalent than conventional
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mycorrhizae in native grasses and shrubs in the warm
semi-arid rangelands of the southwestern USA.

DSE are easily visible as stained or pigmented
structures under low-power light microscopy. They are
observed most frequently growing inter- and intracellu-
larly within the cortex and the epidermis and on root
surfaces. Hyaline hyphae that are continuous with stained
or melanized structures have been reported by Barrow and
Aaltonen (2001), Haselwandter and Read (1982), New-
sham (1999) and Yu et al. (2001). Barrow and Aaltonen
(2001) carefully examined histochemically stained roots
of Atriplex canescens, an important chenopodaceous
shrub indigenous to arid southwestern USA rangelands,
with high magnification Nomarski differential interfer-
ence contrast (DIC) microscopy. They observed active
non-staining, non-pigmented fungal structures that non-
destructively and predominantly colonized sieve elements
and were also found frequently in cortical cells. Active
forms consisted of hyphae with distinct non-staining, non-
pigmented hyaline walls and presumed protoplasts where
fungal walls were not microscopically distinguishable.
These active structures escaped detection by conventional
fungus staining and microscopic methods.

The ecological role of DSE fungi is currently unre-
solved. However, their widespread occurrence in cold or
drought-stressed ecosystems, their potential to function as
mycorrhizal fungi and the extensive internal colonization
by active structures suggest that these endophytes are
significant components of stressed ecosystems (Barrow
and Osuna 2002; Haselwandter and Read 1982; Jumppo-
nen 2001). The objective of this study was to analyze the
roots of native grasses belonging to Bouteloua to
determine the nature, location and extent of active forms
of DSE fungi.

Materials and methods

Root collections

Roots were sampled weekly during 2001 from native populations of
black grama, Bouteloua eriopida sp. (Torr.) Torr., and periodically
from native populations of Bouteloua curtipendula Michx. A. Gray.
These populations were located on the Jornada Experimental Range
of the USDA Agricultural Research Service in southern New
Mexico. Soil was chronically dry and soil moisture was generally
less than 3% at most sampling times, except for brief periods
following precipitation events, when the soil was nearly saturated.
Blue grama, Bouteloua gracilis (Kunth) Lag. Ex Steud., from
various northern and high elevations was also collected periodi-
cally. B. gracilis is adapted to more mesic, higher elevations than B.
eropida on the Jornada Experimental Range. Some samples were
taken from actively growing sites that received normal and above-
normal precipitation during the growing season. Fungal coloniza-
tion was determined to be consistent and expression was uniform in
this and previous studies within the population at each sampling
period. For this study, roots from 2–5 plants of each species were
collected, bulked, sealed in a plastic bag and taken to the laboratory
for preparation and analysis.

Root preparation and clearing

Methods developed by Bevege (1968), Brundrett et al. (1983),
Kormanik et al. (1980), and Phillips and Hayman (1970) were
modified for optimal visualization of fungi in native grass roots.
Roots were washed in tap water to remove soil. From each bulked
sample, healthy feeder roots of uniform maturity and appearance
(approximately 0.25 mm in diameter) were randomly selected and
cleared by placing in an autoclave in 2.5% KOH. The temperature
was increased to121�C over 5 min, maintained for 3 min, and
samples were removed from the autoclave after 8 min. Roots were
rinsed in tap water, bleached in 10% alkaline H2O2 for 10–45 min
to remove pigmentation, and placed in 1% HCl for 3 min.
Decolorized roots were rinsed for 3 min in distilled water (dH2O)
before staining with either trypan blue (TB), sudan IV (SIV) or
both. To stain with TB, roots were placed in prepared TB stain
(0.5 g trypan blue in 500 ml glycerol, 450 ml dH2O, 50 ml HCl),
autoclaved at 121�C for 3 min and stored in acidic glycerol (500 ml
glycerol, 450 ml H20, 50 ml HCl). For SIV staining, roots were
placed in prepared SIV (3.0 g sudan IV in 740 ml 95% ETOH plus
240 ml dH2O), autoclaved at 121�C for 3 min and stored in acidic
glycerol. For dual staining, roots were stained first in TB,
autoclaved as above and destained 24 h in the acidic glycerol.
Roots were then transferred to the SIV stain and autoclaved as
above. Dual-stained roots were destained in dH2O for 3 min and
stored in acidic glycerol until mounting. Chitin, a specific
component of fungal walls, stained dark blue with TB. SIV stained
both plant and fungal lipids bright red.

Root segments (10–12 samples 2 cm long) were placed on a
microscope slide in several drops of permanent mounting medium.
A cover slip was placed over the root sections and pressed firmly to
facilitate analysis at high magnification. Analysis was done with a
Zeiss Axiophot microscope using both conventional and DIC optics
at �1000 magnification.

Results

Lipid bodies of varied shapes and sizes were observed at
times in all root cells of actively growing plants (Figs. 1,
2, 3). However, they were most prevalent in the sieve
elements and frequently occupied their entire volume.
Initially, most of the lipid bodies were presumed to be
within plant vacuoles; however, examination of many
samples showed them to have fungal coil-like shapes
(Fig. 2A, D). As roots tended towards dormancy, TB-
stained fibers in clumps were observed (Fig. 2B) in the
same roots within a few millimeters; lipid bodies were
observed forming within the clumps (Fig. 2C). Most
frequently, lipid bodies in the sieve elements of physio-
logically active roots were not visibly associated with TB-
stained tissue. However, as plants became dormant,
considerable TB-stained tissue (chitin) was observed in
sieve elements (Fig. 1E). When these roots were dual
stained, the lipid bodies were found to be associated with
the TB-stained fungal tissue (Fig. 1F). On the basis of
these and continuous microscopic observation of roots
sampled at varying times and conditions, it was concluded
that most of the lipid bodies were associated with fungal
structures. As plants became dormant, stained and
melanized associations were increasingly evident, consis-
tent with previous observations (Barrow and Aaltonen
2001). Native B. eropida roots stained with either SIV,
TB or dual stained revealed a continuous non-pathogenic
fungal colonization of sieve elements, cortical, epidermal
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cells, root hairs and the root surface. Non-staining, non-
pigmented DSE fungal structures were observed at a
substantially greater frequency and they differed from the
commonly observed stained and pigmented hyphae and
microsclerotia. Furthermore, they were uniquely different
from typical mycorrhizal and pathogenic fungal struc-
tures. Protoplasts and generally hyaline structures were
not evident using fungus-targeted staining and microsco-
py methods but required staining with SIV and careful
examination at �1000 magnification. In some root
samples, both forms were found to be continuous and
were regularly associated with either stained or pigmented
hyphae or microsclerotia. The results indicate a high
degree of polymorphism and a substantially greater
incidence of internal colonization than when only stained
or pigmented structures are considered. However, it will

require further examination by electron microscopy to
determine better the structure of these interfaces. In
addition to extensive internal colonization, substantial
colonization of the root surface and rhizosphere soil with
morphologically similar fungal structures was also ob-
served. Structural variability was dynamic and was likely
influenced by differences in fungal taxa, the seasonal,
climatic, edaphic and physiological state and the maturity
of the roots.

Colonization of sieve elements

The most surprising and prominent feature of active
internal colonization by DSE fungi was the non-patho-
genic inter- and intracellular colonization of all sieve

Fig. 1A–F Morphological variability of dark septate endophyte
(DSE) colonization in sieve elements. A Bouteloua eropida roots
stained with sudan IV. Vacuoles in sieve elements of the vascular
cylinder stained positively for lipids (arrow A). Cortical cells are
not stained (arrow B); bar 250 �m. B Dual-stained Bouteloua
curtipendula root. Sieve elements (SE) have no visible fungi; bar
10 �m. C Dual-stained B. eropida root. Sieve elements are filled
with spherical and irregular-shaped, lipid-filled vacuoles stained

with sudan IV (arrow); bar 10 �m. D Dual-stained B. eropida roots.
Fine trypan blue-stained fibrils (arrow A) accumulating lipids
(arrow B) in a sieve element; bar 3 �m. E Trypan blue-stained
Bouteloua gracilis roots. Sieve elements stained only with trypan
blue showing clear vesicles (arrow A) and the network staining
positively for chitin; bar 10 �m. F Roots from same sample as E,
dual stained showing the chitin network (stained blue) and the lipid
filled vacuoles (stained red); bar 10 �m
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elements. Figure 1 illustrates some of the variability and
atypical fungal morphology observed in the sieve ele-
ments. In SIV-stained B. eriopida roots sampled during
the spring, all sieve elements within the vascular cylinder
had large, stained lipid bodies (Fig. 1A, arrow A). No
visible fungal structures or lipids were observed in the
cortex (arrow B). For brief periods during summer
drought and when plants were dormant, fungal structures
were not observed in sieve elements of dual-stained roots
of B. curtipendula (Fig. 1B). For the most part, in more
active roots, lipid bodies in sieve elements ranged from
spherical to irregular in shape (Fig. 1C, arrows). In B.
eriopida roots sampled following winter rains, fine fibrils

of fungal tissue stained with TB were observed (Fig. 1D,
arrow A) with small lipid bodies attached (arrow B).
These lipid bodies were variable in shape and increased in
size over time until they filled the entire volume of the
sieve element (Fig. 1C). In some roots of actively growing
plants sampled in the summer time from moist soil, as
many as 20–40 intercellular hyphae were observed, 3–
7 �m in diameter, with and without distinguishable
hyaline walls and densely filled with lipid bodies. The
quantity of fungal tissue and the lipid content were
substantial, with fungal lipids occupying virtually the
entire vascular cylinder (Fig. 1A, C). In different root
preparations over the course of the study, these morpho-

Fig. 2A–I Morphological variability of DSE colonization observed
in the root cortex. A Dual-stained B. gracilis roots showing fungal
coils staining positively for lipids with sudan IV (arrow); bar 5 �m.
There is no distinguishable fungal wall. B Dual-stained B. gracilis
roots. Trypan blue-stained masses in cortical cells adjacent to
vascular cylinder (arrows). The vascular cylinder (out of focus)
stained for lipids; bar 5 �m. C Chitin structures (arrow A), in the
same root sample as B, are associated with lipid-filled vacuoles
(arrow B); bar 5 �m. D Dual-stained B. gracilis root. Intracellular
lipid-filled coils with no distinguishable or stained fungal wall
(arrow A). Spherical lipid vacuoles within a hyaline wall (arrow B)
in an adjacent cortical cell; bar 5 �m. E Dual-stained B. gracilis

root. Septate coils stained positively with trypan blue (arrow); bar
10 �m. F Dual-stained B. eropida root. Intercellular lipids forming
a network around cortical cells (arrow A). Intracellular network
stained positively for lipids (arrow B); bar 5 �m. G Dual-stained B.
eropida root. Intercellular stained segments (arrow A). Intercellular
hyaline hypha with segments staining with trypan blue; bar 10 �m.
H Dual-stained B. gracilis root. Cortical cells adjacent to vascular
cylinder filled with dense melanized microsclerotia and hyphae
(arrow A). Underlying sieve elements are colonized with hyaline
hyphae (arrow B); bar 10 �m. I Dual-stained B. gracilis root
showing a unique pattern of intracellular melanized hyphae in
cortical cells; bar 10 �m
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logical types were found to be associated with stained or
melanized septate fungal structures.

Roots of B. gracilis (Fig. 1E) were sampled as plants
were entering fall dormancy near Heber, Ariz. (N 34�
37.913’ W 110� 21.683) after abundant summer rainfall.
Extensive TB-stained networks were observed in all sieve
elements (Fig. 1E, arrows B). Within the network, clear
non-staining areas were observed (arrows A). In dual-
stained roots from the same sample, these areas stained
positively for lipids and were attached to the fungal chitin
network (Fig. 1F, arrows A). These structures are found in
all sieve elements and differ from any known fungal
structures. Intercellular lipid-filled hyphae, without dis-
tinguishable walls, were also observed (arrows B). These
linear fungal protoplasts were traced regularly to hyphae

with either hyaline, stained or pigmented walls and
ranged from 3 to 7 �m in diameter. This high level of
polymorphism expands the conceptual morphology of
DSE fungi.

Microsclerotia were infrequently observed in sieve
elements in physiologically active roots. As roots became
senescent, segments of hyaline, stained, and melanized
hyphae and microsclerotia were observed to form around
the lipid bodies within a single sieve element.

Colonization of the cortex

The variability of fungal morphology within the cortex is
illustrated in Fig. 2. Most frequently, colonization of

Fig. 3A–F Morphological variability of external colonization by
DSE. A A mucilage complex (MC) on roots of a dual-stained B.
eropida root. Note the vacuolated non-staining hyphae (arrows)
connected to the mucilage; bar 5 �m. B Dual-stained B. curtipen-
dula roots showing a branched network of external mucilaginous
hyphae. Within these hyphae, a trypan blue-stained strand can be
seen in many of the segments (arrows); bar 5 �m. C Dual-stained
B. curtipendula root. Branched mucilaginous hyphae containing
lipid vesicles; bar 5 �m. D Dual-stained B. eropida root showing
mucilaginous hyphal extensions from the root surface that are

similar in appearance to root hairs (arrow A); bar 5 �m. E Several
different forms of external hyphae connected together. A trypan
blue-stained network can be seen in the mucilaginous complex on
the root surface and is continuous with other forms of hyphae
(arrows A). The trypan blue strand continues through hyaline
hyphae (arrows B) and connects to trypan blue-stained hyphae
(arrow C) and melanized hyphae (arrows D); bar 10 �m. F Hyaline
hyphae extending from the root to a sand grain (arrow A). A
melanized segment is shown by arrow B; bar 3 �m
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cortical cells was not evident in physiologically active
roots, while the sieve elements were densely colonized
(Fig. 1A). At times, fungal structures similar to those in
the sieve elements were observed growing both inter and
intracellulary within the cortex. Fig. 2A (arrow) shows
lipid-filled fungus coils with no visible wall in the cortex
of B. eropida roots. Developing clusters of TB-stained
chitin fibrils (arrows) were observed in the innermost
layer of cortical cells adjacent to the vascular cylinder in
B. gracilis roots (Fig. 2B). In some roots, these clusters
were observed forming in outer layers of cells until they
occupied all cortical cells. Underlying SIV-stained lipids
in the sieve elements are evident but out of focus. At a
different locus on the same root (Fig. 2C), large lipid
bodies (arrow B) were seen in association with the TB-
stained fibers (arrow A). These structures are similar to
those observed in sieve elements (Fig. 1F). Figure 2D
shows a large, linear lipid-filled fungal-like coil structure
without a visible wall, which is presumed to be a
protoplast (arrow A). In an adjoining cell, spherical lipid
bodies can be seen inside a slightly visible hyaline wall
(arrow B), showing structural differences from cell to cell.
This could be attributed to morphological variability
within a fungus species or differences between species.
Septate coils were observed infrequently. However, in
some B. gracilis and B. eriopida roots sampled following
the summer monsoon season just prior to fall dormancy,
coils were abundant in many of the lateral roots. Figure 2E
shows TB-stained septate coils in B. gracilis roots that
differed from aseptate AM coils because of the septa.
Occasionally, a network staining only for lipids was
observed in the intercellular spaces of all cortical cells
(Fig. 2 F, arrow A). A very thin, fibrous branched
intracellular network was also seen (arrow B) in B.
eriopida roots. This suggests that lipid-bearing fungal
protoplasts most likely grow in the apoplastic spaces,
adjacent to the plant cell membrane. In some dual-stained
dormant B. eriopida roots, lipids were not evident, but
segments of chitin were observed forming in the
intercellular spaces (Fig. 2G, arrows A). Chitin was also
observed in segments of intercellular hyaline hyphae
(arrow B), also indicating structural differences in the
intercellular hyphae.

In dormant B. gracilis roots, dense melanized hyphae
and microsclerotia were observed in the inner layer of
cortical cells (Fig. 2H, arrow A). Only hyaline hyphae
were seen in underlying sieve elements (Fig. 2H, arrow
B). Figure 2I shows a unique pattern of melanized hyphae
in cortical cells of B. gracilis roots. Microsclerotia
developed only in sieve elements after roots became
senescent. It is apparent that stained or pigmented
microsclerotia develop from the active forms as physio-
logical activity decreases. These observations illustrate an
extensive and continuous polymorphic internal fungal
network that is morphologically variable and connects
sieve and cortical cells. This fungal network has been
largely overlooked in the past.

Extraradical colonization

Internal hyphae grew from the intercellular regions of the
epidermal cells and spread out on the root surface.
External fungal structures at the root surface and rhizo-
sphere had the same polymorphic variability observed in
sieve and cortical cells. During the summer monsoons,
plants were actively growing and the soil was generally
moist in the root zone. Roots sampled during this period
were coated with a mucilaginous gel that could also be
observed microscopically. Figure 3A shows this gel as an
amorphous mucilaginous complex (MC) on the surface of
dual-stained B. eriopida roots. Looking at many samples,
it was evident that a highly branched hyphal network
occupied the MC. Figure 3A (arrows) shows non-stained
hyaline vacuolated hyphae connected to and extending
from the MC. Figure 3B shows a different hyphal form,
not observed within root tissues, but regularly observed
associated with the MC. A significant characteristic of
these hyphae was a thin TB-stained internal fiber
(Fig. 3B, E). These hyphae, termed mucilaginous hyphae,
were common at the root surface following precipitation
events; many extended 10–20 �m from the MC. One
such hyphae that survived extraction from the soil and
root preparation was over 300 �m long, indicating
potential exploration of soil considerable distances from
the root.

Mucilaginous hyphae also extended from the MC and
formed root-hair-like appendages from the MC (Fig. 3C,
D) in dual-stained B. eriopida roots sampled during the
summer monsoon season. These differed from actual root
hairs that originated from epidermal cells in that they
were often branched (Fig. 3C, arrow). Figure 3D shows
roots of the same plant connected by mucilaginous
hyphae that also contain a linear arrangement of SIV-
stained lipids, indicating the potential for carbon transport
to the MC on the root surface. Figure 3E illustrates
connections of several different hyphal forms of the
external fungi. A fibrous network of TB-stained fibers can
be seen in the MC and in the trypan blue-stained hypha
(arrows A). A TB-stained fiber extends from the MC
through hyaline hyphae (arrows B) and connects to a
distinct TB-stained hypha (arrow C). Note that the TB-
stained fiber is also connected to melanized hyphae
(arrows D). Figure 3F shows a dual-stained B. eropida
root also sampled during the summer monsoon. A
mucilaginous hypha (arrow A) extends from the MC on
the root surface and is attached to a sand grain that is also
covered with MC. These results illustrate a continuous
fungal network connecting the vascular cylinder to the
root surface and rhizosphere.

Inter- and intracellular colonization of meristematic
cells by lipid-containing protoplasts and hyaline and
stained hyphae was consistently observed in developing
lateral roots. Surface-sterilized roots plated on sterile
PDA agar plates had fungi exiting from cut ends and scars
where branch roots were removed. These results confirm
the total colonization of root tissues. Fungal isolates were
facultative endophytes and could be grown on a number
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of defined and undefined media. Preliminary identifica-
tion showed that these endophytes represent several
unrelated fungal species.

Discussion

The results indicate that the incidence of active DSE
fungal structures is much greater than the stained and
melanized hyphae and microsclerotia commonly observed
with conventional root-staining methodology. This is in
agreement with Yu et al. (2001), who concluded that DSE
colonization may be underestimated because hyaline
hyphae are difficult to detect. The discrepancy is exac-
erbated when most of the active structures lack walls.
Decreased visibility was attributed to the absence of
chitin, which prevented staining, and the natural pigment
melanin, which gives DSE fungi their characteristic dark
color. Chitin and melanin increase wall rigidity and
reduce permeability, protecting the fungus as it invades
harsh environments (Cousin 1996; Henson et al. 1999;
Money et al. 1998). These internal structural differences
suggest interesting aspects of the internal plant-fungus
association. A fully developed fungal wall is probably not
necessary for protection within plant tissue. Lack of
rigidity would allow the fungus to be more flexible within
or between plant cells and would, therefore, explain the
observed atypical morphology. Increased permeability of
the fungal wall-membrane complex would enhance the
potential for resource exchange with the host. Lipid
bodies were most extensive in non-staining, non-pig-
mented structures, suggesting considerable uptake of
photosynthate by the fungus and its conversion to lipids,
similar to AM fungi (Bago et al. 2002). Therefore,
because of dynamic lipid accumulation and apparent
transport, these non-staining, non-pigmented structures
were considered to be active stages of the fungi and
revealed a substantially greater incidence of DSE fungi
than has been seen previously.

Yu et al. (2001) observed some colonization of the
vascular cylinder by hyaline and melanized DSE hyphae.
In this study, virtually all sieve elements were colonized
by non-staining, non-pigmented structures. Colonization
of the stele (Fig. 1) is a distinctive biological feature of
active DSE fungi, differing from fungal pathogens that
destroy vascular tissue or from mycorrhizal fungi that are
restricted to cortical and epidermal cells and, to my
knowledge, do not penetrate the stele.

Presently, the sites of carbon transfer between the host
and mycorrhizal fungi are in question (Smith and Smith
1996). The staining with SIV revealed massive quantities
of lipid bodies within sieve elements that were associated
with atypical fungal structures. This would not only
suggest a potential site for substantial carbon exchange
between fungus and plant, but also represents a large
surface area in the internal plant-fungus interface.

Fungal lipids were generally less apparent in cortical
cells than in sieve elements, particularly in physiologi-
cally active roots. As roots became dormant, lipids

became more evident in cortical cells. In the cortex, lipid
bodies could serve as energy-rich carbon reserves to
sustain plant cells during extended drought or for the
development of melanized hyphae and microsclerotia
(Fig. 2H, I). These results indicate that DSE fungi form a
continuous integrated network that intimately interfaces
with all sieve elements, cortical and epidermal cells. The
consistent colonization of meristematic cells in develop-
ing lateral roots by stained and lipid-bearing hyphal
protoplasts suggested that the fungus was distributed at
cell division to all root cells. Yu et al. (2001) likewise
observed occasional colonization of meristems with
pigmented hyphae, but did not report non-staining active
structures. This total integrated colonization suggests that
these DSE fungi are systemic within the root. It is
proposed that this internal fungal network enhances
nutrient and water transport in roots exposed to very
low water potentials and other environmental stresses.
The accumulation of lipids by fungi in sieve elements in
both photosynthetically active and non-photosynthetic
dormant plants suggests the potential of bidirectional
carbon transport. The continuous network extending from
the vascular cylinder to the rhizosphere would support the
potential of mycorrhizal function or the bidirectional
transport of carbon and mineral nutrients between the soil
and the plant (Jumpponen 2001).

It is proposed that the fungus enhances the functioning
of native plant roots in arid ecosystems, where they are
chronically exposed to very dry soils. Chronic drought
imposes severe problems for root desiccation, mineral-
ization, uptake of nutrients and maintaining adequate
water relationships for plant survival. Root systems of
desert cacti have rectifier-like properties that rapidly take
up water when the soil is wet but lose very little as the soil
dries. Such mechanisms would be expected in xeric plants
adapted to desert conditions. North and Nobel (1994)
found that soil sheaths composed of soil, root hairs and
mucilage helped limit desiccation of young roots in dry
soils. The soil sheath, referred to as the rhizosphere, is
distinctly different from and wetter than adjacent bulk soil
and provides a favorable micro-environment for root
activity (Young 1995). This difference is ascribed to
rhizodeposition of plant photoassimilates, which directly
affects nutrient availability (Grayston 2000).

Mucopolysaccharides, generally referred to as muci-
lage, are polymers of simple carbohydrates and are
products of rhizodeposition. Mucilage has unique and
superior physical properties that make it an important
component of the rhizosphere. Sutherland (1998) reported
that one polysaccharide retained 1,500 times its weight in
water. Polysaccharides in the rhizosphere function as
water and carbon reservoirs, protect roots from dessica-
tion and facilitate nutrient uptake (Young 1995). Watt et
al. (1994) found that the largest and most coherent
rhizosheaths were formed in grass roots in drying soil.
Read et al. (1999) found that root mucilage of Zea mays
L. cv Freya had a major role in maintaining hydraulic
continuity between the root and soil. Mucilage also
positively influences soil aggregation, stability and water
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transport, as well as providing a favorable micro-
environment and energy source for soil microflora
(Czarnes et al. 2000, de Cano et al. 1997; Gantar et al.
1995). Similarly, soil bacteria and fungi live within a
matrix largely composed of extracellular polysaccharides.
These matrices protect soil microflora from drying and
from fluctuations in water potential, allowing them to
function in dry soil (Gantar et al. 1995; Roberson and
Firestone 1992). Such characteristics would be advanta-
geous to native plants in an arid ecosystem.

The volume of lipids accumulated by fungi in the sieve
elements and in intercellular hyphae is substantial
(Fig. 1A, C, F). Likewise the mucilage complex and
lipid-filled vacuoles (Fig. 3A, E) in hyphae on the root
surface suggest that there are appreciable quantities of
polysaccharides in the rhizosphere. From these observa-
tions, it is proposed that DSE fungi access and transport
carbon from the sieve elements to the root surface, where
it is converted to polysaccharides that protect roots, store
water and enhance mineral uptake. Carbon drain from the
host by these fungi is apparently sizable and raises the
question whether the association is mutualistic or parasitic
(Smith and Smith 1996). In arid ecosystems, conditions
favoring photosynthetic activity are brief and supplies of
carbon, minerals and water are severely limited. There-
fore, an altruistic association that maintains an efficient
control of these resources may serve both partners better.
Rhizodeposition in an arid ecosystem could result in
serious loss of carbon. However, carbon losses to the soil
would be minimized if carbon recycling is efficiently
controlled by the fungus. Bago et al. (2002) reported huge
fluxes of photosynthetically fixed carbon from plants to
the soil caused by AM fungi. A similar concept was
reviewed by Trappe (1981), by which 85% of standing
grass plants were estimated to be below ground, where
fungi account for 80% of the total soil respiration but
constitute only one-eighth of the total biomass.

The morphological variability of hyaline, stained and
pigmented hyphae (Fig. 3C) observed at the root surface
and the rhizosphere was similar to that found internally. A
major exception was the mucilaginous hyphae (Fig. 3A,
B, D–F). It is suggested that these hyphae were protected
by the mucilage coating external to the root in the
rhizosphere. The extension of these hyphae into the soil
(Fig. 3B), formation of root hair-like protrusions (Fig. 3D)
and connection with sand grains (Fig. 3F) suggest a
mycorrhizal function of acquiring nutrients and water.

The term DSE has been applied liberally to any fungus
that forms melanized septate hyphae and microsclerotia
(Jumpponen 2001). More specifically, dominant grasses
and shrubs of arid southwestern USA ecosystems are
systemically colonized by structurally variable fungi that
exist primarily as protoplasts, as well as hyaline, non-
staining and non-pigmented fungal structures in physio-
logically active roots; stained and melanized hyphae and
microsclerotia develop as activity decreases during peri-
ods of stress. In an attempt to refine descriptive terms,
because of the continuous colonization of root cells as
seen in this study and also the continuous colonization of

shoot cells (Barrow, unpublished results), it is proposed
that these fungi be termed systemic endophytic fungi
(SEF). Several endophytes have been isolated and they
differ morphologically. Preliminary unpublished identifi-
cation of two isolates indicates that one belongs to
Agaricales and that the other is Aspergillus ustus. Other
isolates that are variable in appearance suggest that SEF
represent a wide spectrum of unrelated fungal species,
consistent with the review of Jumpponen (2001) and
Jumpponen and Trappe (1998). Vandenkoornhuyse et al.
(2002) also found an unexpected 49 different fungal
phylotypes distributed across all fungal phyla associated
with roots of a single grass plant. It was not clear whether
these fungi were internal colonizers or rhizosphere
residents.

In summary, the extensive colonization of native
grasses and shrubs by DSE in arid southwestern USA
rangelands, as well as their ubiquitous presence in other
stressed ecosystems, indicates a significant ecological
function (Jumpponen 2001). Our preliminary results
suggest that these fungi are prevalent in many grass and
shrub species in native ecosystems. Their presence in
stressed ecosystems in which AM fungi do not persist
suggests that they are better adapted (Kohn and Stasovski
1990). In addition to protecting host organs and cells from
stress, systemic colonization suggests that these fungi
enhance the performance of plant cells under stress, thus
promoting their survival. Their internal morphology
differs from traditional mycorrhizal fungi but in some
cases they may promote growth through enhanced
nutrition (Barrow and Osuna 2002; Haselwandter and
Read 1982; Newsham 1999). The methods used in this
study only illustrate the extensive colonization and
morphological variability of DSE fungi. It is imperative
to conduct further studies utilizing innovative microscopy
and molecular methods to give a better understanding of
the nature and extent of colonization. These results also
indicate the need for studies on carbon assimilation,
management and bidirectional transport by the fungi.
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