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Fungal endophytes display a broad range of symbiotic inter-
actions with their host plants. Current studies on their biology,
diversity and benefits are unravelling their high relevance on
plant adaptation to environmental stresses. Implementation of
such properties may open new perspectives in agriculture and
forestry. We aim to exploit the endophytic capacities of the fungal
species Fusarium equiseti, a naturally occurring root endophyte
which has shown antagonism to plant pathogens, and Pochonia
chlamydosporia, a nematophagous fungus with putative endo-
phytic behavior, for plant protection and adaptation to biotic
and abiotic stress. A real-time PCR protocol for quantification
of the fungal population, together with Agrobacterium-mediated
genetic transformation with the GFP gene for confocal micros-
copy analyses, were designed and applied to assess endophytic
development of both these fungal species. Although quan-
tification of both FE equiseti and P chlamydosporia yielded
similar degrees of root colonization, microscopical observations
demonstrated differences in infection and development patterns.
Furthermore, we found evidences of plant response against endo-
phyte colonization, supporting a balanced antagonism between
the endophyte virulence and the plant defenses. Optimization
and application of the methodologies presented herein will allow
elucidation of beneficial interactions among these endophytes
and their host plants.

Tissues of nearly all plants in natural ecosystems appear to be
colonized by endophytic fungi, whose importance in plant devel-
opment and distribution seem to be crucial, but not yet clearly
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understood. Fungal endophytes may assist their host plants for
adaptation to habitat, protection against biotic or abiotic stresses,
plant growth promotion or soil nutrients uptake.!”> Recently,
biology and function of fungal endophytes in nature has been
extensively reviewed,’ and these have been grouped into four
classes according to their differential interactions with host plants,
which may range from mere neutralism to an active mutualism.
Exploitation of beneficial properties of endophytes is of great
relevance at an applied level, cither to increase production yields
of agricultural crops, control of plant diseases or pests, adapt
plants to unsuitable growth conditions, or in reforestation activi-
ties. In this sense, we aim to exploit the endophytic capacities of
selected fungi from two independent approaches: through the
use of natural endophytes, which have shown to confer benefits
to their host plants,® or via a putative endophytic colonization of
plant tissues by fungi with desirable properties. The latter strategy
has been already introduced for several biological control agents

such as nematophagous fungi colonizing roots,”

or entomopatho-
genic fungi in above-ground organs.®? As representatives of each
category, we selected two fungal species according to their endo-
phytic capacities and antagonism to root pathogens.'®!! First,
Fusarium equiseti represents naturally occurring endophytes from
natural vegetation growing under saline stress conditions.'? The
second, Pochonia chlamydosporia, is a nematode egg-parasite which
behaves as a putative endophyte of roots.!3 Both species have
promising properties for application as biocontrol agents of either
fungal and/or nematode plant parasites. The achievement of these
objectives will depend on an exhaustive knowledge on the endo-
phytic behavior and interactions with the host and other existing
microbes, which starts with the assessment of the establishment
of fungal populations within plant organs (e.g., roots). In many
instances this is a complicated task. Fungal growth is characterized
by an implicit irregular development due to the filamentous nature
of mycelia, whose complexity increases in structured substrates,
such as the interior of plant tissues.

These difficulties are enhanced due to uneven distribution
of nuclei (from zero to several thousands per cell), physiological
activity or vitality of hyphae, and influence of competition among
species.!® As a consequence of this, methods applied traditionally
to estimate fungal occurrence within plant tissues (e.g., direct visu-

alization, plating on culture media or immunolocalization®!>16)
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Figure 1. Amplification by conventional PCR of DNA from plant (h; bar-
ley), endophyte (e; P. chlamydosporia), or endophyte-colonized plants (h
+ e). For this, single locus detection with primers specific for the fungal
alkaline serine protease p1,'8 (Fp) and the plant ubiquitin (Pp) is shown,
and multiplex PCR using both primer pairs (Fp + Pp) for one-tube simulta-
neous defection.

are biased or rather laborious and time consuming. Although
applications of molecular methods have been directed to settle these
problems, these may also present other weaknesses. Combination
of quantitative and qualitative data achieved by both molecular
and microscopy methods is probably the best choice to monitor
fungi in plant roots, since the advantages of each technique may
complement the drawbacks of the other.1%17

We recently optimized and applied both real-time PCR and
microscopy techniques to exhaustively study the endophytic devel-
opment of £ equiseti and P chlamydosporia in barley roots.'® The
first approach consisted in a specific quantification of nucleic acids
from either fungus in roots using Molecular beacon probes.!® This
allows an accurate monitoring of the respective amplicon genera-
tion over PCR cyclings, which can be correlated with the amount
of fungal biomass.?’ Fungal populations detected in roots were
statistically similar for both fungal species studied, with an overall
colonization of roots which ranged from ca. 5 to 11 ng of fungal
target DNA per 100 ng of total DNA. The endophytic proportion
of these populations (assessed by surface sterilization of roots prior
to DNA extraction) was represented by values between ca. 0.5 to 1
ng of fungal target DNA per 100 ng of total DNA.

These quantitative data resulted in an increased sensitivity and
dynamic range as compared with traditional culturing methods.
Nevertheless, though quantification yielded good results under a
gnotobiotic system, where only those fungi of interest are present
within plant tissues, implementation for non-axenic semi-field or
field experimentation should include modifications. These should
cover corrections for presence of other colonizing microorganisms
under non-axenic growth conditions-which may contribute to the
amount of total DNA extracted from roots-, or variabilicy on DNA
extraction yields among samples.?! Inclusion of internal standards
such as the simultaneous detection of fungal and host plant in a
single reaction tube?? would settle these interferences. Multiplex
PCR amplification of respective plant or fungal loci would permit
detection of differential fluorescent signals emitted by Molecular
beacons specific for either target DNA. We are currently opti-
mizing primers and probes designed in Macii-Vicente et al.!® for
multiplexing with primers and Molecular beacons specific for the
host (barley) ubiquitin gene (Fig. 1).

In addition to real-time PCR assays, endophytic behavior of £
equiseti and P chlamydosporia was assessed using live-cell micros-
copy. Aiming to develop techniques for further studies in semi-field
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Figure 2. Llaser scanning confocal microscopy images of one-month-
old tomato roots colonized by GFPtagged P. chlamydosporia. (A) P.
chlamydosporia hypha restricted to a single epidermal root cell. (B)
Chlamydospore in the root surface. Note GFP fluorescence within cells
(viable) in contrast to lack of fluorescence in peduncle (non-viable). Bars
=20 um.

experiments, we generated genetically transformed isolates for
both FE equiseti and P chlamydosporia, with constitutive expres-
sion of the fluorescent reporter protein GFP. For this purpose an
Agrobacterium tumefaciens-mediated protocol was applied due to its
efficiency in fungal transformation.?? Observation of barley roots
inoculated with GFP-tagged isolates under laser scanning confocal
microscopy permitted a time-course qualitative monitoring of
the infection processes by F equiseti and P chlamydosporia, which
displayed different endophytic patterns. Loading studies with
the endocytotic tracker FM4-64 allowed a discrimination of new
traits of fungal colonization of roots. Fungal hyphae appeared
tightly fitted in a plant membrane-derived sheath during the first
invasive stages, in a similar manner to that which occurs during
pathogenesis,2* but also in mutualistic interactions,?> indicating it
may be (at least originarly) an unspecific barrier to fungal invasion.
However, this membrane was lost with time, as a consequence of
hyphal aggressiveness over plant cell infection.
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Differential wavelength emission between GFP and FM4-64
also allowed detection of a heterogeneous distribution of viable
and non-viable hyphae within the root cortex, the latter linked to
plant defense responses such as abundant production of papillae
or vacuoles. This colonization pattern suggests that endophytic
interaction established by both fungi is a “push and pull” balance
between hyphal growth and the capacity of the plant to get rid
of the invader. Yet we do not know whether remaining unde-
graded nucleic acids contents of within-cortex dead hyphae may
contribute to fungal target DNA detection by real-time PCR.
Although this fact may represent a bias for endophytes quantifica-
tion, combination with microscopical analyses complements the
information achieved.

We are currently investigating practical and theoretical
aspects of the root inoculation of fungi with endophytic capa-
bilities and antagonistic potential to root pathogens (fungi
and nematodes). This research also includes evaluating root
colonization abilities for different host plants, both monocots
and eudicots. As an example, root colonization efficiency by P
chlamydosporia dramatically changes between barley and tomato.
In the latter, hyphae within roots are sparse and restricted to
epidermal root cells,!? with no evident connection between
infected cells (Fig. 2A). In spite of this restricted distribution,
fungal chlamydospores (the propagules usually found in P
chlamydosporia-harboring soils) may be frequently found on the
root surface. Their viability (according to GFP expression in the
cytoplasm), irrespective of that of surrounding hyphae (Fig. 2B),
could support that root colonization creates a stable source of
inoculum to sustain the populations of the microorganism in
the rhizospheric soil. Our final goal is to optimize biocontrol
performance and crop growth promotion by endophytes under
agricultural conditions.
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