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ORIGINAL ARTICLE

Application of Laser Microdissection to plant pathogenic and symbiotic interactions

Raffaella Balestrinia*, Jorge Gómez-Arizaa, Vincent P. Klinkb,c, and Paola Bonfantea

aIstituto Protezione Piante (IPP)-CNR and Dipartimento di Biologia Vegetale, UniTO, Viale Mattioli, Torino, Italy;
bDepartment of Biological Sciences, Mississippi State University, Mississippi State, USA; cMississippi State University,

Mississippi State, USA

(Received 3 December 2008; final version received 22 January 2009)

Laser Microdissection (LM) is a technology that allows the rapid procurement of selected cell populations from a
section of heterogeneous tissues in a manner conducive to the extraction of DNA, RNA, proteins and even

metabolites. In the past few years, it has also been applied to plant biology in order to study gene expression in
plant-nematode and plant-microbe interactions. LM represents a powerful tool since cells associated with a
particular infection stage can be visualized under the microscope and harvested. Therefore, verification of the

response of the plant during the progression of the colonization can be performed in different cell types.
Applications of LM to study the interaction between the plant and both pathogenic and symbiotic organisms
(i.e. nematode and fungi, respectively) are explored in this review.

Keywords: Laser Microdissection; pathogenic interactions; symbiotic interactions; arbuscular mycorrhizae;

gene expression

Introduction

Plant growth and development take place in a complex

cellular environment (Day et al. 2005), where interac-

tions with symbiotic and pathogenic organisms play

important roles. A goal in biology is to identify genes

that function in the cells that are specifically involved

in these interactions. Several types of methods have

been developed to demonstrate gene expression in

various cell or tissue types. In situ hybridization and

experiments with transgenic plants that harbor the b-
glucuronidase (Jefferson et al. 1987) or enhanced green

fluorescent protein (eGFP) (Haseloff et al. 1997) have

been performed for many years. In these experiments,

the molecular tag is linked to gene promoter elements

or to the genes, themselves. This has allowed the

visualization of localized expression in specific cell-

types. However, efficient methods to isolate homo-

geneous populations of specific cell types are needed to

fully understand the contribution of individual cells to

the biology of an organism. By isolating homogeneous

populations of cells, researchers could avoid diluting

gene expression signals as a result of the presence of

unwanted cells in their samples. Efficient methods for

routinely isolating homogeneous cell populations are

now available: these allow the analysis of thousands of

transcripts from a wide range of cell or tissue types to

understand the contribution of individual cells to the

biology of an organism. Cell isolation can be achieved

by enzymatic or physical means. Enzymatic means

would rely on enzymes to digest cell walls, leaving

protoplasts that could be sorted, typically by the use of

fluorescent markers (Birnbaum et al. 2003). Physical

means would be Laser Microdissection (LM).
LM is a technology that permits rapid procure-

ment of selected cell populations from a histological

tissue section that is composed of heterogeneous cells

(Emmert-Buck et al. 1996). This procedure is per-

formed in a manner that is conducive to the

extraction of DNA, RNA, proteins and even meta-

bolites. LM has been widely used by animal biolo-

gists (Isenberg et al. 1976) to study gene expression in

specific cell types (Emmert-Buck et al. 1996) and to

elucidate the associated molecular events (reviewed in

Fink and Bohle 2005; Espina et al. 2006, 2007). In

more recent years, LM has been adapted for plant

tissues (Day et al. 2005, 2006; Nelson et al. 2006;

Ramsay et al. 2006; Balestrini and Bonfante 2008).

The advantage that this technology offers, with

respect to other techniques that isolate homogeneous

populations of a specific cell-type (i.e. cell sorting), is

that LM can usually be applied to all cells that can be

identified by conventional microscopy without the

obligate use of specific cell markers or genetic lines

(Birnbaum et al. 2003; Galbraith and Birnbaum

2006). The relative disadvantages of LM are of

both a technical and technological nature. For

example, histological fixation and processing are

generally required and these can compromise the

target materials (i.e. RNA, DNA, proteins, metabo-

lites). A second problem is that the number of cells

that can be recovered is limited by the abundance
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and recognition of the cellular targets in the histolo-
gical sections (Nelson et al. 2006). Another limitation
is that LM instrumentation is costly.
The aim of this short review is to summarize the

applications of LM to the study of the interaction
between a plant and both pathogenic and symbiotic
organisms, giving also some information about the
technical aspects concerning plant sample preparation.

How Laser Microdissection operates

The LM apparatus is generally attached to a light
microscope, and tissue dissection is computer-con-
trolled. Several instruments that isolate individual
cells or groups of cells from intact tissues are
commercially available. These microscopes are based
on two methods of isolation: Laser Capture Micro-
dissection (LCM) and laser cutting (Day et al. 2005;
Nelson et al. 2006). In LCM, the considered cells are
attached to a thermoplastic cap covered film using a
pulsed infrared laser, which is manipulated so that it
melts and fuses the film onto these cells. When the
cap is removed, the target region is selectively pulled
away from the surrounding tissues (Emmert-Buck
et al. 1996). At the end of a session, the cap, containing
the selected cells, is used for downstream applications
(i.e. DNA, RNA extraction and molecular analyses).
This was the first type of commercially available LM
microscope and was produced by Arcturus (now
Molecular Devices Corporation; Union City, USA,
CA [http://www.moleculardevices.com/home.html]).
An alternative microdissection approach, laser cut-
ting, uses a UV laser to excise target regions from
tissue sections. In these systems, a cursor is used to
outline an area for microdissection. They have been
designed in different ways in order to capture the
microdissected cells. In one case, after microdissec-
tion, the excised fragment is catapulted upwards into
a tube cap. This is called Laser Pressure Catapulting
(LPC). This design was pioneered by P.A.L.M.
Microlaser Technologies AG (Carl Zeiss MicroIma-
ging; Munich, Germany [http://www.palm-microla-
ser.com/]). By contrast, in another microscope design,
the sample simply falls by gravity into the collection
tube without any extra forces. This system is called
Laser Microdissection (LMD). This design is typical
of microscopes such as those made by Leica (Leica
Microsystems Inc., Germany [http://www.leica-mi-
crosystems.com]). The LPC and LMD systems allow
the collection of a single cell as well as groups of cells
or tissue regions. A new generation of LM systems
includes both an infrared laser (as in an LCM) and a
UV laser, thus allowing both laser-excised microdis-
section and capture. This latter type (Veritas Micro-
dissection System) was designed byMolecular Devices
Corporation (previously Arcturus). Specific cells can
also be identified because the microscopes have been
fitted with fluorescence optics. Although not essential,
this could be very useful for marker or reporter-
assisted identification of target cells (Tang et al.

2006). However, all LM methods of target isolation

have been used successfully on plant materials.

Preparation of plant samples for LM

For LM, the tissues are first fixed and sectioned, and

then the target cells are isolated from the non-target

cells under a microscope. The fixation and embedding

steps probably represent the most limiting factors to

reach the final aim of good quality samples for

molecular work. LM sample preparation requires a

balance between two contrasting aims: to preserve

enough visual detail to identify specific cells during

harvesting, and to allow the maximum subsequent

recovery of the material (i.e. nucleic acids, proteins

and/or metabolites) from the harvested cells. The

preparation of plant samples has been clearly illu-

strated in several original papers (Asano et al. 2002;

Kerk et al. 2003; Klink et al. 2005; Inada and

Wildermurth 2005; Tang et al. 2006; Cai and Lash-

brook 2006) and in several reviews (Day et al. 2005,

2006; Nelson et al. 2006; Balestrini and Bonfante

2008; Gomez and Harrison 2009). Two methods have

been utilized to prepare sample sections for LM:

cryosectioning and paraffin sectioning. Cryosection-

ing is commonly used in animal research due to its

speed and potentiality to better preserve intact

molecules, including RNAs and proteins. In addition

to the fact that the sample preparation for the

sectioning is fast, the sample remains cold at all times

and, presumably, this would decrease the probability

of proteolysis or RNA degradation. However, it is not

an easy task to obtain a plant tissue conservation that

allows the identification of the selected cells. Freezing

procedures can cause the formation of ice crystals

inside the vacuoles and air spaces between cells in

mature plant tissues: both these features compromise

tissue histology, eventually leading to the disassembly

of cell structure. The preparation of frozen sections of

more mature or vacuolated plant material generally

requires fixation as well as a cryoprotectant treatment,

such as sucrose, in order to alleviate the tissue damage

caused by freezing. The application of this method has

so far been limited to prepare a few plant tissues for

LM (Asano et al. 2002; Nakazono et al. 2003; Casson

et al. 2005; Woll et al. 2005). As an alternative, where

a more satisfactory preservation of tissue histology is

required for target identification (i.e. in studies on

plant interactions) samples are embedded in paraffin

after fixation. Although this protocol provides ex-

cellent morphology, the RNA and protein yield is

reduced compared with that from frozen samples:

tissue fixation and paraffin embedding could in fact

result in a considerable loss in quality and quantity

of the extracted RNA. Nevertheless, satisfactory

amounts of RNA have been obtained from paraffin-

embedded material (Kerk et al. 2003; Tang et al. 2006)

and the improved morphology is sometimes essential

to identify the appropriate cell types. In addition,
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from paraffin embedded samples, it is possible to
make perfect serial sections.
A key aspect of tissue preparation that affects

the balance between morphological preservation and
genomic/proteomic recovery is fixation. Two major
types of fixatives have been used to prepare tissues for
LM. Even if RNA isolated from archival formalde-
hyde-fixed animal tissues is routinely used in medical
molecular diagnostic studies, particularly in cancer
biology (Dillon et al. 2001), cross-linking fixatives
(i.e. formalin) have been demonstrated to provide
poor quality RNA from microdissected plant cells
(Kerk et al. 2003). On the other side, precipitative
fixatives, such as Farmer’s fixative (ethanol/glacial
acetic acid 3:1), are simple to make and provide both
sample histological detail of plant tissues and enough
RNA recovery for the downstream molecular ana-
lyses. RNA extracted from microdissected cells col-
lected from plant tissues fixed with this method has
been successfully used for molecular analyses (Kerk
et al. 2003; Nakazono et al. 2003; Ramsay et al. 2004;
Klink et al. 2005, 2007a; Ithal et al. 2007). A fixative
that leads to a good balance between tissue preserva-
tion versus RNA recovery is a solution known as
methacarn, which consists of absolute methanol-
chloroform-glacial acetic acid (6:3:1; Takagi et al.
2004; Jiang et al. 2006; Balestrini et al. 2007; Guether
et al. 2009). As an alternative, Inada and Wildermuth
(2005) introduced the use of a rapid microwave
paraffin preparation method that avoids any fixative
for the preparation of Arabidopsis leaf tissue for LM.
This method led to sections with excellent preserva-
tion of internal leaf structures, while the extracted
RNA was of sufficient yield to be used in downstream
applications. As a further improvement, a method
based on microwave-accelerated acetone fixation and
paraffin-embedding has proved to preserve both
tissue histology and protein fluorescence, leading to
an RNA yield of suitable quality for microarray
applications (Tang et al. 2006).
An important thing to remember about the

application of LM is that no optimal protocol for
all plant tissues exists. Therefore, the researcher
should plan on optimizing the fixation and processing
protocols on a case-by-case basis (Nelson et al. 2006).
However, a number of protocols are now available
providing a good starting point for most applications.

Application of LM in plant biology: Gene expression
studies and proteomics

Although some applications of LM in combination
with DNA analyses (Scutt et al. 1997; Meimberg et al.
2003; Hobza and Vyskot 2007) have been performed,
most LM methods in plant researches have been
developed for the identification of differentially ex-
pressed transcripts and are thus focused on LM-
derived RNA, as reported in recent reviews published
over the past few years (Day et al. 2005, 2006; Nelson
et al. 2006; Ramsay et al. 2006; Ohtsu et al. 2007,

Balestrini and Bonfante 2008). An important aspect of

most LM-mediated gene expression research is that
the RNA usually has to be amplified in order to

obtain a sufficient amount of sample for the desired
work. RNA yield obtained from microdissected cells

is in fact generally enough for targeted molecular

analysis like RT-PCR, while one or two rounds of
RNA amplification are required to obtain the micro-

gram amounts of mRNA needed for global profiling
analyses (Nakazono et al. 2003; Klink et al. 2007a;

Ithal et al. 2007). Several methods and commercial
kits for RNA amplification, that maintain the relative

representation of RNA species, have been developed
and can be used specifically for this purpose (Brandt

2005). The most common method is based on in vitro
transcription (IVT) (Petalidis et al. 2003). This linear

amplification involves producing double-stranded
cDNA with a T7 priming sequence at the 3? end.
This template is then used by T7 RNA polymerase to
generate copies of the cDNA template (Day et al.

2007). PCR-based procedures for RNA amplification
have also been used, enabling much greater yields per

round of amplification (Iscove et al. 2002). The

PCR-based method in fact produces exponentially
amplified cDNA template that then can be used for

downstream analyses and, for this reason, less starting
material can be used to generate enough target for

high throughput analyses using only one round of
amplification. PCR- and IVT-based amplification

methods have recently been evaluated by Day et al.
(2007) in microarray experiments on laser microdis-

sected endosperm. Starting from only 50 ng of RNA,
amplification methods produced sufficient product

for microarray hybridizations, with two-round IVT
giving the best results and allowing the identification

of endosperm enriched marker genes (Day et al. 2007).
A T7 RNA polymerase-based RNA amplification was

recently used to generate sufficient cDNA for 454
sequencing from RNA of maize SAM (Shoot Apical

Meristem) cells isolated by LM (Emrich et al. 2007).
Proteins are the primary effectors of biological

function in living organisms. It is therefore desirable to

extend high throughput gene expression analyses to the
protein level, especially since it has been demonstrated

that RNA and protein levels do not always correlate

(Liu et al. 2006; Dembinsky et al. 2007). However, only
a few LM studies focused on protein (Schad et al.

2005a; Dembinsky et al. 2007) and metabolites have
been so far carried out on plant materials (Schad et al.

2005b; Schneider and Hölscher 2006). Unlike tran-
script profiling � which can be performed from very
small sample amounts due to efficient amplification
strategies � no amplification procedure is possible for
proteins. LM plant tissue-homogeneous samples have
beenused for protein identification either through two-

dimensional gel electrophoresis (2-DE), or high-effi-
ciency liquid chromatography (LC) in conjunction

with tandemmass spectrometry (MS/MS) (Schad et al.
2005a). Dembinsky et al. (2007) focused on examining
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protein in pericycle cells of maize, providing a
comparative analysis between microarray outcomes
and protein profiling. In detail, among the most
abundant soluble pericycle proteins separated via
two-dimensional electrophoresis, 20 proteins were
identified via ESI MS/MS mass spectrometry, thus
defining a first reference dataset of the maize pericycle
proteome (Dembinsky et al. 2007). Metabolite profil-
ing in a tissue- or cell-specific manner has been
reported in combination with LC-MS/MS (Schad
et al. 2005b) and cryogenic NMR spectrometry
(Schneider and Hölscher 2006). In these studies, the
preparation of sections is a crucial step as, when
standard tissue fixation and embedding protocols are
used to prepare histological sections, molecules, in
particularmetabolites, can be either efficiently extracted
by dehydrating solvents or washed out by embedding
agents. The possibility to use LM in combination with a
proteomics/metabolomics approach would be an im-
portant advancement in plant-pathogen and plant-
symbiotic interaction investigations.

Applications of LM to plant interaction studies

The study of plant-pathogen and plant-microbe inter-
actions is surely an area where LM could have an
impact since these experiments provide information
about the spatial expression of the genes involved in
interaction processes. The responses in these interac-
tions can in fact be localized in specific cell types or
microbial structures. So far only a few studies have
been focused on the application of LM in plant-
microbe interactions (Ramsay et al. 2004; Klink et
al. 2005, 2007a; Tang et al. 2006; Balestrini et al. 2007)
and these studies have focused on gene expression.
When LM is used, cells associated with particular
infection stages can be visualized under themicroscope
and harvested to verify the response of the plant in
different cell types and during the progression of
the infection. In the last few years, large amounts of
data have been generated from microarray analyses
of interactions between host plants and pathogenic
(Klink et al. 2007a; Wise et al. 2007) or symbiotic
organisms (Küster et al. 2007). However, most gene
expression profiling studies rely on bulked material, and
the analysis is carriedout on samples fromentire plants or
whole organs. As a result, the data represents an average
of many cell types, and gene expression data cannot be
assigned toparticular cell types (Tao et al. 2003). It is clear
how, in the case of transcript and protein profiling, the
LM approach could overcome the shortcomings of
methods that use material isolated from whole organs.
Molecular studies of a biological event at single

cell resolution provide more accurate information
on genetic variations, development, and responses to
biotic/abiotic stresses (Klink et al. 2005; Ramsay
et al. 2006). Furthermore, bulk tissue analyses can
mask important and unique localized responses.
Several transcript profiling and other RNA analyses
are currently underway that are investigating the

interaction between plant and microbe through
isolating the specific cells involved in the process.
An important caveat is that it is essential to develop
protocols and tools for LM-assisted analyses in
order to examine specific plant cell populations
through the progression of infection. This allows
researchers to carry out spatial and temporal gene
expression profiling (Day et al. 2005). These sorts of
projects include investigations of the gene expression
that occur during the interaction between plants and
nematodes (Ramsay et al. 2004; Klink et al. 2005,
2007a; Ithal et al. 2007), fungal pathogen (Tang
et al. 2006) and arbuscular mycorrhizal (AM) fungi
(Balestrini et al. 2007; Guether et al. 2009; Gomez
et al. 2009) (Table 1). Each of these studies, which so
far have been performed in the field of plant/microbe
interactions, employs an embedding step followed by
serial sectioning of the tissue since the cells are
located deep within the root tissue. These steps allow
LM to have access to the target cells.

Plant-pathogen interactions

Plant-nematode interactions

The infection of plants by parasitic nematodes is a
major agricultural problem. Worldwide, this plant-
pathogen interaction results in �137 billion US
dollars in lost revenue, annually (Abad et al. 2008).
Thus, understanding the nature of disease progression
is urgently needed. Establishment and development of
infections by parasitic nematodes are complicated
processes that involve an intimate interaction between
the host and its pathogen. An area of interest is the
development and maintenance of nematode feeding
sites. LM methods that faithfully dissect out the feed-
ing sites are important improvements to the study of
this significant plant-pathogen interaction (Ramsay
et al. 2004; Klink et al. 2005, 2007a; Ithal et al. 2007;
Klink and Matthews 2008).
LM was used to collect cells specifically from

earlier stages of infection in interactions between
host plants and parasitic nematodes. For example,
RNA was extracted 72�96 h after infection from giant
cells induced in tomato roots by root-knot nematodes
(Ramsay et al. 2004). These cells correspond, in fact, to
provascular cells that are induced to re-enter the cell
cycle. In those studies, the RNA was converted to
cDNA. The analysis demonstrated amplified PCR
products using primers designed for cell-cycle genes
(Ramsay et al. 2004). A comparative analysis of giant
cell gene expression was made to cDNA constructed
from leaf material (Ramsay et al. 2004). They showed
that differences existed in the quantity of PCR product
on agarose gels between the giant cell and leaf tissue
samples (Ramsay et al. 2004). The analyses did not
provide a quantitative analysis of gene expression.
Infection of soybean (Glycine max) by the soybean

cyst nematode (Heterodera glycines) is slightly differ-
ent from the infection of roots by the root-knot

84 R. Balestrini et al.

D
ow

nl
oa

de
d 

by
 [

U
ni

ve
rs

ity
 o

f 
Ph

oe
ni

x]
 a

t 0
6:

13
 2

9 
Ja

nu
ar

y 
20

15
 



nematode. During infection, the H. glycines penetrate
the root and migrate toward the vascular tissue. They
usually select a pericycle cell and then initiate the
formation of a feeding cell by injecting substances into
the selected cell. The nematode induces a variety of
changes in the cell it selects as its feeding site, which
results in the formation of a multinucleate feeding
site (i.e. the syncytium). Thus, the syncytium is very
different from the root cells it originates. Challenges to
studying H. glycines infection at cellular resolution
are that the infection process is not synchronous. The
syncytial cell is also encased deeply within the root. It
is clear, however, from previous anatomical observa-
tions (Endo 1965, 1991; Riggs et al. 1973; Kim et al.
1987), that gene expression within the syncytium is
different from its neighboring cells and the cells from
which it originated. The recalcitrance of their isolation
forced many investigators to rely on whole roots as a
source of RNA for gene expression studies (Khan et al.
2004; Klink et al. 2005, 2007a; Alkharouf et al. 2006).
Physical separation and isolation of syncytia can,
however, be performed by using LM (Figure 1), and
this provides a means of obtaining homogeneous cell
samples and additional insights into their biology. In a
first paper to report the use of LCM in examining
syncytium gene expression, root samples enriched in
syncytial cells were collected using LCM (Klink et al.
2005). RNA was extracted and used to make a cDNA
library. Expressed sequence tags (ESTs) were pro-
duced and used for a Gene Ontology (GO) analysis.
Many genes were identified, providing a new and
more in-depth look at syncytial cells (Klink et al.
2005). Increases in transcript levels of some of these
genes were confirmed by qRT-PCR and this was the
first quantitative analysis of genes isolated by LM
syncytia. Among them, an aquaporin (GmPIP2,2),
a-tubulin (GmTubA1) and b-tubulin (GmTubB4).
However, several other genes of unknown identity
were also analyzed (Klink et al. 2005). Results were
also confirming by using in situ hybridization and
immunohistological techniques. In addition, the ob-

tained cDNA has been used as a template to clone

full-length cDNAs. Therefore, in those studies Klink

et al. (2005) established the protocols and procedures

Table 1. List of papers on the application of LM in plant-nematode and plant-microbe interactions

Biological system Material preparation Molecular analyses Reference

Tomato/Meloidogyne spp Farmer’s fixative
Paraffin embedding

RT-PCR Ramsay et al. 2004

Glycine max/Heterodera glycine Farmer’s fixative

Paraffin embedding

cDNA libraries qRT-PCR

Cloning full length genes

Klink et al. 2005

Maize/Collethotricum graminicola Acetone/microwave fixation
Paraffin embedding

Fungal microarrays Tang et al. 2006

Glycine max/Heterodera glycines Farmer’s fixative
Paraffin embedding

Microarray Klink et al. 2007a

Glycine max/Heterodera glycines Farmer’s fixative

Paraffin embedding

Microarray Ithal et al. 2007

Tomato/Glomus mosseae Methacarn fixative
Paraffin embedding

RT-PCR analysis Balestrini et al. 2007

Lotus japonicus/Gi margarita Methacarn fixative

Paraffin embedding

RT-PCR analysis Guether et al. 2009

Medicago truncatulal/Glomus
intraradices

Farmer’s fixative
Steedman’s wax

RT-PCR Gomez et al. 2009

Figure 1. (Color online). Microdissection of the syncytium

formed by H. glycines in the roots of G. max. (A) Eight day
post infection (dpi) time point syncytial cell (white arrow)
prior to microdissection identified by their proximity to
H. glycines (black arrowhead)s; (B) A syncytial cell after

microdissection; microdissected syncytial cell (area between
white arrows); nematode (black arrowhead) Bar, 100 mm
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needed for gene expression experiments in syncytial

cell samples.
Recently, the same group has used LM to isolate

homogeneous syncytium samples experiencing either

a resistant or susceptible reaction (Klink et al. 2007a).
The work was facilitated by the development of a

commercial microarray (Affymetrix†) that could be
used to examine G. max gene expression. In detail,

the soybean GeneChip†, that contains 37,744 G. max
probe sets representing 35,611 genes was used to

study gene expression occurring inside the syncitial

cell. In addition, an advantage in the analyses is that a
single G. max genotype (i.e. Peking) could be used

to obtain both resistant and susceptible reactions.
The analysis provided numerous and intriguing in-

sights into the biology of the syncytium, identifying
gene expression that was unique to the syncytium.

The authors tackled this problem through a series
of computational analyses. Importantly, gene expres-

sion unique to the syncytium has been identified
comparing syncytia to both whole root samples and

LM-isolated pericycle cells. Many differentially ex-
pressed genes that were specific to the incompatible

or compatible response within syncytium samples
were identified. Among those highlighted in the

incompatible response at three dpi were those encod-
ing lipoxygenase, heat shock protein 70 and super-

oxide dismutase (Klink et al. 2007a). In addition,

these experiments led to the identification of differ-
entially expressed genes in the target cell that were

not differentially expressed in a microarray analysis
that examined gene expression in whole infected roots

(Klink et al. 2007a,b). To give an example of the
number of genes differentially expressed, comparing

gene expression of the syncytium undergoing a
resistant reaction at three days post infection (dpi)

to gene expression in whole root samples at the same
time point, the analysis identified 147 genes that were

induced only syncytium samples and 2360 genes that
were induced only in whole root samples undergoing

a resistant reaction. Only 19 genes were found to
be induced and common between the syncytium and

whole root samples. Suppressed genes were also
identified: 278 genes that were suppressed only in

syncytium samples undergoing a resistant reaction

and 3624 genes that were suppressed only in 3 dpi
whole root samples undergoing a resistant reaction.

Only 39 genes were found to be suppressed and
common between the syncytium and whole root

samples undergoing a resistant reaction. The same
analysis was performed also comparing gene expres-

sion of the syncytium undergoing a susceptible
reaction, at 3 dpi and 8 dpi, respectively, to gene

expression in whole root samples at the same time
points. A complete description of the differentially

expressed genes, at the different considered time
points, can be found in Klink et al. (2007a). An

analysis that focused on gene expression during a
susceptible response using the same system was also

performed fromanother group (Ithal et al. 2007). In this
last, an LCM system has been used instead of an LMD
system as in Klink et al. (2005, 2007a). The analysis of
gene expression changes in developing syncytia, ranging
from 0 to 10 days post-inoculation (dpi), led to the
identification of 1,765 transcripts enriched or sup-
pressed in syncytia at an early developmental time
point compared with cells from a corresponding region
of non-infected root tissues. Transcript abundance
changes reflected alterations in cellular processes re-
lated to metabolism, defense, cell signaling, transport,
and cell wall architecture (Ithal et al. 2007).
Taken together, these experiments have provided

new insights into the complex molecular mechanisms
underlying syncytium formation, and demonstrated
that the mass of transcriptional activity in the whole
root masks the identification of transcriptional events
that occur within syncytial cells. Therefore, the use of
LCM helped to de-obfuscate gene expression occur-
ring in the syncytium from that which occurs in the
surrounding cell types (i.e. cortex, root stele), thus
showing that it is a useful tool to study plant-
pathogen interactions.

Plant-pathogenic fungi interactions

In 2006, Tang et al. reported the first successful
application of LM to the global gene expression
analysis of early fungal-plant interactions. In that
analysis, LM was applied to isolate individual maize
cells associated with Colletotrichum graminicola hy-
phae at an early stage of infection. The LM-derived
RNA was used to generate a global expression profile
using a fungal microarray. Interestingly, an isolate of
the anthracnose stalk rot fungus Colletotrichum gra-
minicola expressing the Anemonia majano cyan fluor-
escent protein, was used to facilitate visual localization
of fungal hyphae in planta. Compared to hand dissec-
tion or whole-tissue sampling, LM allows a much
more homogeneous sampling of fungal developmental
stages than gross tissue sampling, and is only limited by
the ability to characterize and locate hyphal growth
stages in fixed sections (Tang et al. 2006). A fixation
method that could preserve tissue histology, protein
fluorescence andalso yieldedRNAof a suitable quality
for microarray applications was reported for the first
time. The LM-derived RNA, even after two-rounds
of linear amplification, was of sufficient quality and
quantity for the identification of global expression
profiling using a fungal microarray. The analysis iden-
tified 437 induced and 370 suppressed C. graminicola
genes, respectively (Tang et al. 2006). The differential
expression of several representative transcripts was
confirmed by qRT-PCR. On the whole, the results
demonstrated that the LM approach can reveal
clues about the fungal genes that are involved in
pathogenesis.
Another plant-pathogen interaction research field

in which LMcould be applied is the analyses of specific
plant cell populations that are associated with the
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different infection stages of infection by biotrofic fungi
(i.e. those belonging to the ascomycetes casual agent of
powderymildew that exclusively infects epidermal cells
[Erysiphe spp.]). During infection, Erysiphe hyphae
grow on the surface of the leaf. The hyphal tip then
penetrates the epidermal cells, and originates a struc-
ture, called a haustorium, fromwhich the fungus drags
nutrients. The problem with studying this biological
system is that the plant response occurs in both the
infected epidermal cells, and in the neighboring unin-
fectedmesophyll cells. Thus, LM could be of value and
a powerful tool to isolate the several cell types involved
in the interaction (Inada and Wildermurth 2005).

Plant-symbiotic interactions

Arbuscular mycorrhizal (AM) fungi are an essential
feature of the biology and ecology of most terrestrial
plants. In AM symbiosis, the fungus obtains carbon
from the plant, but, in the meantime, it transfers
mineral nutrients from the soil to the root cells. During
intracellular colonization, dramatic changes take place
in the root structure. Recent observations have shown
that the hypha enters through a single root epidermal
cell, leading to the creation of a novel tunnel-like
structure called the pre-penetration apparatus, PPA
(Genre et al. 2005). This process is accompanied by
important changes in gene expression (Siciliano et al.
2007). Subsequently, the cortical tissue is colonized
with coils and intercellular hyphae which spread the
infection. The fungus forms highly branched intracel-
lular structures, called arbuscules, within the inner
cortical cells. Arbuscules, which give the name to
this symbiosis, are key structures of the AM symbiosis
since they are considered the preferential site of the
nutrient exchange between the host and symbiont. The
fungus supplies the host with important mineral
nutrients (i.e. phosphate [Pi]), while in return it
receives carbon compounds. The accommodation of
fungal hyphae inside root cortical cells leads to
substantial changes in the cellular architecture of the
root cortex cell. In addition to modifications shown by
the nucleus, plastids, vacuoles and cytoskeleton, a new
apoplastic compartment (i.e. the interface) is produced
(Balestrini and Bonfante 2005). All of the cellular
responses during this process are mirrored by impor-
tant changes in gene expression. These gene expression
changes have been revealed through global transcrip-
tome analysis in Oryza (rice), Medicago and Lotus
(Balestrini and Lanfranco 2006 [and references
therein]; Guether et al. 2009). Therefore, global
transcriptome profiling reveals the genes activated in
mycorrhizal roots (Küster et al. 2007). However, these
types of analyses suffer from the same problems
mentioned in the previous sections. Transcript dilution
occurs, making the identification of transcripts that
pertain to the system difficult to identify. Therefore,
whole root expression profiling is complicated by the
presence of the multiple cell types that are involved in
the interaction. For example, in a fully differentiated

mycorrhizal root, various cell types are present

(Figure 2). These cells include colonized epidermal
and cortical cells and, among them, non-colonized

cells. There are also cells that have been colonized at
different times during the spread of the infection. It is

likely that each cell-type has a different role(s) in

the interaction. Thus, examination of the process at
the molecular level suffers from the drawback that the

development of the symbiosis is not a synchronous
process. After the initial colonization of the root

cortex, secondary infection events commence and the
colonization is reiterated.
Over the last few years, LM has been used to

study cell-specificity in arbuscular mycorrhizae. Par-
ticular attention has been paid to the cortical cells

containing the arbuscules. In the first work published
on the application of LM to AM interaction, a

protocol for harvesting specific cell populations
from paraffin sections of tomato mycorrhizal roots

by the AS LMD system was developed by Balestrini
et al. (2007). The system was used to obtain cell

samples that would yield RNA of sufficient quantity
and quality for molecular analyses. The LM ap-

proach led to novel insights into the distribution of
phosphate transporter (PT) transcripts during the

AM interaction between tomato and Glomus mosseae.
Transcripts of five tomato PT genes (LePTs) were, in

fact, simultaneously detected in arbuscule-containing

cells, unlike the neighboring non-colonized cells. On
the fungal side, the H�ATPase (GmHA5) and the PT

(GmosPT) mRNAs were exclusively found in arbus-
culated cells. These results suggest that plants ensure

phosphate uptake through the functional redundancy
of a gene family. Due to the crucial role of phospho-

rus (P) in their nutrition, plants seem to guarantee
this function through the functional redundancy of a

gene family. The contemporaneous presence of five
PT mRNAs in the arbuscule-containing cells strongly

suggests that the symbiosis enhances plant Pi uptake
capabilities by recruiting additional PTs in this cell

population. The discovery that five plant and one
fungal PT genes are consistently expressed inside the

arbusculated cells provides a new scenario for the
plant-fungus nutrient exchanges (Balestrini et al.

2007). Recently, the gene expression of Lotus japoni-

cus arbuscule-containing cells isolated by LM was
validated to confirm array experiments (Guether

et al. 2009). As in the previous work by Balestrini
et al. (2007), three types of homogeneous cell

populations were microdissected. These cells in-
cluded: (i) cortical cells from non-mycorrizal roots

(C); (ii) non-colonized cortical cells from mycorrhizal
roots (MNM); and (iii) arbuscule-containing cells

(ARB) (Figure 3). The RT-PCR reactions highlighted
the presence of transcripts corresponding to seven

genes with a role exclusively in arbuscule-containing
cells (LjPT4 [phosphate transporter], LjCesA

[cellulose synthase], LjMLO2 [MLO], LjCel1 [b-1,4-
endoglucanase], LjMyb [Myb transcription factor like
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protein], LjPP [Protease inhibitor/seed storage/Lipid-

Transfer Protein] and LjPTR [peptide transporter]).

Taken together, these results provide novel informa-

tion on the location of the genes that are potentially

involved in the construction of interfacial compart-

ment and/or in cell wall modification during intra-

cellular colonization as well as in nutrient transport.

The exclusive localization of LjPT4 in arbusculated

cells was consistent with that reported for orthologs

in Medicago (Harrison et al. 2002) and tomato

(Balestrini et al. 2007).
Our observations also suggest that, in rare cases,

the response in MNM cell-type populations can vary

among the different biological replicates. This result

could be due to the so far undescribed heterogeneity of

such a cell population and agrees with the observa-

tions of Genre et al. (2008), who recently reported

how some cortical cells respond to the presence of the

fungus before arbuscule development, while other

cells are not activated. The slight variability observed

in the molecular analyses is probably due to the fact

that the MNM cell type population could be formed

by both the cortical cells that have already been

activated and also by those that have not.
However, the epidermis, due to its location at the

interface between the soil and the inner tissues of the

root, also plays a crucial role in both mineral nutrition

and signalling events. Therefore, the gene expression

profile of epidermal cells could provide a new tool to

help understand the role played by this cell layer

in AM associations. It is well known that root hairs,

which are specialized epidermal cells, are key struc-

tures in mineral uptake and, at the same time,

epidermal cells are crucial in mediating signals from

Figure 2. (Color online). Scheme of a mycorrhizal root. Several cell types can be present: (A) Epidermal cell in contact with
the fungal appressorium; (B) epidermal cell with an intracellular fungal hypha; (C) arbuscule-containing cells; (D) cortical

non-colonized cell

Figure 3. Example of Laser Microdissection of arbusculated cortical cells: Lotus japonicus mycorrhizal roots. (A) Before
laser; (B) tissue remaining after cutting Bars, 25 mm
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the extraradical fungus (Parniske 2008). The finding
of epidermal marker genes could be important to
study cell-specificity associated to epidermal cells in
order to have a control for the collected material.
RT-PCR experiments with specific primers for a
tomato extensin gene (LeEXT1) and an RNaseLX
gene (Köck et al. 2006) have shown that LM allows
transcripts to be localized in epidermal cells and that,
according to Bucher et al. (2002), LeEXT1 can be
considered an epidermal marker in tomato (RB and
JGA, unpublished results).
These promising results demonstrate that LM is a

suitable technology to investigate whether epidermal
and cortical cells, but also other cell-types (i.e. central
cylinder), accomplish different functions during the
building up of a functioning symbiotic root. A further
step will be to obtain ‘global’ profiles associated with
the different cell-types that are present in mycorrhizal
roots (i.e. arbusculated cells).

Conclusions and perspectives

LM provides significant advantages for researchers
studying plant-pathogenic and plant-symbiotic inter-
actions. With the isolation of specific target cells, host
plant responses can be investigated much more
accurately in terms of regulation and/or compartmen-
talization of gene expression. This technology, in
combination with large-scale genomic analyses
(i.e. microarray hybridizations, cDNA library con-
struction, GS FLX454 technology), will be very useful
to identify genetic determinants involved in several
processes, including signalling, nutrient transfer, tran-
scription, cell wall modifications and defence that
occur during these interactions (Ohtsu et al. 2007). LM
has already been used successfully, in combination
with microarray experiments, to obtain gene expres-
sion profiles in several plants during different devel-
oping stages and in plant-nematode interactions
undergoing susceptible and resistant reactions (Klink
et al. 2007a).
Recently, the coupling of LCM and GS FLX454

(454 Life Sciences; Branford, CT) sequencing technol-
ogies (LCM-454) has been demonstrated in studies on
shoot apical meristem cells of maize (Emrich et al.
2007). The work resulted in the identification of
�261,000 ESTs. It was found that�68,000 of the
�261,000 sequences (�26.05%) identified in that
analysis did not match any of the�648,000 ESTs
that were previously deposited in the public databases
(Emrich et al. 2007). Thus, the combination of LMand
454 sequencing resulted in the identification of numer-
ous rare and possibly cell-type-specific RNAs that
were unidentified, previously (Emrich et al. 2007). This
approach could be very useful for AM interactions, as
well as for other plant interactions, and provide
information on gene expression in both partners.
The application of a protocol for paraffin embed-

ding, such as that proposed by Tang et al. (2006),
which maintains eGFP fluorescence for the visualiza-

tion of cells and sufficient RNA quality for the
molecular analysis, could be very useful in the early
stages of the interaction. The use of the eGFP
technology would allow the collection of only the
specific cells that respond before or at the moment of
contact.
The LM application has also been proposed for

other interactions (i.e. plant�plant pathogenic inter-
actions (Pérez-de-Luque et al. 2008) and root nodules).
Considering the tissue and cellular complexity of an
ectomycorrhiza, LM technology could also be very
useful to collect the two specific fungal compartments
separately (the mantle and the Hartig net) which are
expected tobe functionally different, at least in terms of
nutrient uptake and transport (Nehls et al. 2001).
The application of LM to the study of plant biology

and plant interactions has so far been devoted mainly
to cell-specific gene expression profiling. However,
protocols regarding LM in combination with protein/
metabolite analyses will surely be developed.
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