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To exploit the potential benefits of mycorrhizas, we need 
to investigate the processes that occur in these symbiotic 
interactions, particularly in the arbuscular compartment 
where nutrients are exchanged between the plant and the 
fungus. Progress in this area is restricted due to the intricacy 
and complexity of this plant-fungus interface and many 
techniques that have been employed successfully in other 
plants and animal systems cannot be used. An effective 
approach to study processes in arbuscules is to examine 
transcript composition and dynamics. We applied laser 
capture microdissection (LCM) to isolate approximately 
3000 arbuscules from Glomus intraradices colonised Me-
dicago truncatula roots. Total RNA was extracted from 
microdissected arbuscules and subjected to T7 RNA po-
lymerase-based linear amplification. Amplified RNA was 
then used for construction of a cDNA library. The presence 
and level of enrichment of mycorrhiza-specific transcripts 
was determined by quantitative Real-time and conventional 
PCR. To improve enrichment a cDNA library subtraction 
was performed. Complementation of yeast mutants defi-
cient in the uptake of potassium, phosphate, sulphate, 
amino acids, ammonium and of a Mn2+ sensitive strain, 
demonstrates the functionality of our cDNA library. 

Key words: arbuscule, Glomus intraradices, LCM, Me-
dicago truncatula, mycorrhiza, SSH cDNA library, yeast 
complementation. 

Introduction. More than 80 % of terrestrial plant 
species form associations with arbuscular mycor-
rhizal (AM) fungi [1]. Fossil remains of AM fungi 
date back to over 400 million years, suggesting that 

AMs were highly relevant for land colonisation of 
plants [2]. Today, AM is the most widespread type 
of mycorrhizal association worldwide. The main 
feature of this mutual symbiosis is the exchange of 
nutrients between both partners: the fungus supplies 
the plant with mineral nutrients from the soil and 
receives carbohydrates in return. Other features of 
mycorrhiza-associated plants are increased resist-
ance to root pathogens [3–5] and abiotic stress as 
imposed by drought and heavy metals [6, 7]. 

Two classes of AM are described on the basis of 
structural differences in forming intracellular hy-
phal branches, the so-called Arum and Paris types 
[8]. In the Arum type, the AM fungus invades the 
root cortex and forms intraradical hyphae. Subse-
quently, these hyphae enter cortex cells and form 
highly branched tree-like structures, called arbus-
cules. Arbuscules are believed to be the location 
where nutrient exchange takes place between plant 
and fungus. 

Arbuscular mycorrhizas can deliver up to 80 % 
of plant P, 60 % of plant Cu, 25 % of plant Zn 
and N and 10 % of plant K [9] and have therefore 
significant ecological and agricultural importance. 
However, our understanding of the development 
and maintenance of functional symbioses is still 
limited: Little is known about the molecular di-
alog between the two symbiotic partners that leads 
to the establishment of AMs and also the exact 
mechanisms of nutrient exchange have yet to be 
revealed.  
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A promising approach to gain further insights 
into these processes is to study the composition 
and dynamics of the local transcriptome. By ex-
amining mRNA populations from arbuscules we 
should be able to assess which genes are expressed 
in these compartments while at the same time pro-
viding a handle for further downstream applications 
such as functional analysis of the identified gene 
products. To gain access to arbuscular transcripts, 
we employed laser capture microdissection (LCM) 
which has previously been used to dissect animal 
tissues [10, 11], plant vascular tissues [12–14], plant 
embryos [15] and various other plant tissues [14, 
16–24]. LCM allows the excision of individual cells 
or cellular compartments from mixed populations 
that can be used to study aspects of cell- or tissue-
specific processes such as RNA, protein or metabo-
lite composition [25]. 

We describe here the establishment of protocols 
for microdissection, RNA extraction and amplifi-
cation, cDNA preparation and creation of a func-
tional cDNA library using Medicago truncatula root 
sections colonised with Glomus intraradices. The 
mycorrhiza-specific cDNA library was then used 
to complement 8 different yeast strains deficient in 
phosphate, K+, NH4

+, sulphate, amino acids, and 
Mn2+ homeostasis to demonstrate its functionality. 

Materials and Methods. Plant materials, bacte-
rial strains and yeast strains. Medicago truncatula L. 
Gaertn. var. Jemalong A17 was grown in expanded 
clay (2–5 mm particle size) in 250-mL plastic pots 
under a 16-h light/8-h dark regime in the green 
house. Fertilisation was carried out weekly through 
application of a Long Ashton solution with 10 % 
of the original phosphate content [26]. Fungal in-
oculum of Glomus intraradices (isolate 49) [27], en-
riched by previous co-cultivation with leek (Allium 
porrum L.), was used to achieve mycorrhization by 
co-cultivation of plants with the inoculum mixed 
with sterile expanded clay (1.5:8.5, v/v). After 5 
weeks of inoculation colonised root tissues were 
used for LCM.

Saccharomyces cerevisiae strains: strain CY162 
(trk1/trk2) MAT�his3�200 leu2-3, 112trp1�901 
ura3-53 suc2�9 trk1�51 trk2�50::lox-kanMX-lox 
(Ko & Gaber, 1991) carries deletions in high affinity 
K+ uptake transporters; the strain YKR039w (GAP1) 
MAT� his3� 1leu2�0 ura3�0 YKR039w::kanMX4 car-
ries a deletion in the amino acid permease; the 
strain YBR296c (PHO89) MAT� his3� 1; leu2�0 

met15�0 ura3�0 YBR296c::kanMX4 carries deletion 
in the Na+/Pi cotransporter; the strain YGR121c 
(MEP1) MAT � his3�1 leu2�1 leu2�0 met15�0 
ura3�0 YGR121c::kanMX4 carries  a deletion in 
the ammonium permease 1; the strain YNL081w 
(MEP2) MAT� his3�1 leu2�1 leu2�0 met15�0 
ura3�0 YNL081w::kanMX4 carries a deletion in the 
ammonium permease MEP2; the strain 31019b 
(mep1� mep2�::LEU2 mep3 �::KanMX2 ura3) car-
ries deletions in 3 ammonium permeases (1, 3) [28]; 
the YSD1 strain has a deletion in the sulphate trans-
porter gene Sul1 [29]; the PMR1 strain (YGL167C) 
MAT� leu2-3,112 his3�1 sod1��::URA3 sod2� 
�::TRP1 Gal+ cup1�::URA3 pmr1�::LEU2 carries a 
deletion in the P-type ATPase located in the Golgi 
that is responsible for transporting Ca2+ and Mn2+ 
[30]. Transformations of the various yeast strains 
was carried out with the pYES2 plasmid (Invitro-
gen, Carlsbad, USA) alone (empty vector, EV), or
pYES2 containing the arbuscular cDNA library 
[31]. Uracil-free, minimal medium (SD) supple-
mented with galactose was used to select comple-
mented transformants in growth restrictive growth 
conditions as explained in the text. 

Tissue fixation and sectioning. Medicago roots 
colonized with Glomus intraradices were cut into 
5 mm pieces. The roots were placed in ethanol : 
acetic acid (3:1 ratio) and slightly vacuum infil-
trated several times for 15–20 min whilst on ice. 
Fresh ethanol : acetic acid (3:1) was added and then 
roots were placed in the dark, with gentle shaking at 
4 °C for 12–14 h. The roots were processed through 
a series of ethanol dehydration steps for 1 h (80 %,
90 %, 100 %, 100 %, 100 %) at room tempera-
ture. After dehydration, a concentration series of 
PEG-1000 (Fluka, Buchs, Switzerland) was intro-
duced, using a water bath at 56 °C. The lower 
PEG percentages were prepared with 100 % (v/v) 
ethanol. Every hour, fresh PEG solutions with in-
creased concentrations (20 %, 50 %, 70 %, 100 %, 
100 %) were replaced. The roots in 100 % PEG 
were then placed into pre-warmed Dismoulds 
(7 × 7 × 5 mm, BDH Laboratory Suppliers, Pool, 
Dorset, UK) with processing cassettes (Agar Sci-
entific, Stansted, Essex, UK) placed on top of the 
sample. Then fresh, 100 % PEG-1000 was poured 
into the processing cassette and left in the dark at 
4 °C until solidification. Samples were then cut at
12 �m thickness on a rotary microtome (Leica RM
2135) at room temperature. The PEG ribbons were 
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placed on pre-water sprayed poly-L-lysine and 
RNAzap treated PEN membrane slides (PALM®) 
and fixed in 70 % ethanol. To remove the PEG 
before LCM cutting the sections were treated with 
95 % ethanol and left to dry in a laminar hood for 
30 min.  The samples were used for LCM on the 
same day.

LCM protocol. Laser capture microdissection 
was performed using a PALM® MicroBeam – mi-
cromanipulation system equipped with a UV-A La-
ser (P.A.L.M. Microlaser technologies AG, Ger-
many). Briefly, a slide was placed into position on 
the computer controlled PALM®  RoboStage and 
a RNase-free 0.5 ml collection tube with cap was 
placed on the PALM®  CapMover, which automati-
cally positions the collection cap above the sample 
to be catapulted. The collection cap contained 20 
�l lysis buffer (Ambion). A 40×LD objective was 
used for magnification and laser energy and focus 
were adjusted to particular sections and slides but 
were typically 80 mW and 27 �m and between 10 
and 15 sections were processed per 0.5 ml tube cap. 

RNA extraction and RNA amplification. Medi-
cago truncatula roots (100 mg fresh weight) were 
homogenized in liquid nitrogen. Total root RNA 
was extracted using the Plant RNeasy Extraction 
Kit (Qiagen, Hilden, Germany). cDNA synthesis 
was performed using Super SMARTTM PCR cDNA 
Synthesis Kit (Clontech, Palo Alto, CA, USA) ac-
cording to manufacturer instructions.

RNA from LCM sections was extracted using 
the RNAqueous-Micro Kit (Ambion, Europe, Ltd, 
Huntingdon, UK) according to the manufacturer’s 
instructions with slight modifications. Briefly, be-
fore RNA extraction the samples embedded in PEG 
1000 were heat-treated at 65 °C for 10 min and 
then the kit protocol was followed. Eluted RNA was 
stored in 100 % ethanol at –20 °C. cDNA synthesis 
and RNA amplification were performed using the 
MessageAmpTM aRNA kit (Ambion) according to 
the manufacturing instructions.

The aRNA amplification procedure comprises 
of the following steps: 1st strand cDNA synthesis, 2nd 
strand cDNA synthesis, and aRNA transcription. 
After the first aRNA transcription procedure, the 
newly amplified aRNA could be used as template 
for the subsequent 2–3 rounds of cDNA synthesis 
and RNA transcription until the quantity of cDNA 
was sufficient for further PCR analysis with gene 
specific primers.

Briefly, a first round of cDNA synthesis was ini-
tiated with T7oligo(dT) primer. One �l T7oligo(dT) 
primer was added to 11 �l RNA, heated to 70 °C for 
10 min and to this 2 �l 10× first strand buffer was 
added (preheated to 42 °C), 1 �l ribonuclease inhi-
bitor, 4 �l dNTP mix and 1 �l reverse transcriptase. 
After 2-h incubation, second strand synthesis was 
performed by the addition of 63 �l nuclease-free 
water, 10 �l 10× second strand buffer, 4 �l dNTP 
mix, 2 �l DNA polymerase and 1 �l RNase H. The 
reaction was performed for 2 h at 16 °C. cDNA was 
purified according to the manufacturer’s instruction 
and concentrated by ammonium acetate – etha-
nol precipitation in a 10 �l volume. For in vitro 
transcription, 8 �l of the cDNA was mixed with 
8 �l NTP mix, 2 �l 10× reaction buffer and 2 �l T7 
enzyme mix. The reaction was incubated at 37 °C 
for 8–12 h and then treated to DNase I digestion. 
aRNA was purified and resuspended in 10 �l of 
nuclease free water.  

Subsequent rounds of cDNA synthesis were per-
formed as follows: To 10 �l of aRNA 2 �l random 
primers were added and the reaction was incubated 
at 70 °C for 10 min. At 42 °C, the following com-
ponents were added: 2 �l 10× first strand buffer, 
1 �l ribonuclease inhibitor, 4 �l dNTP mix and 
1 �l reverse transcriptase and the reaction incubated 
for 2 h. 1 �l of RNase H was added and incubated 
for 30 min at 37 °C. Second strand synthesis was 
primed with 5 �l T7oligo(dT) primer. After 10-min 
incubation at 70 °C the remaining components were 
added at room temperature: 58 �l nuclease free 
water, 10 �l 10× second strand buffer, 4 �l dNTP 
mix, 2 �l DNA polymerase. The reaction was incu-
bated at 16 °C for 2 h. cDNA was purified and in 
vitro transcription performed as described. Typically 
2 rounds of RNA amplification were required to 
produce several micrograms of aRNA.

Construction and subtraction of cDNA library. 
The adapter (25 �M) from GenomeWalker Uni-
versal Kit (Clontech) was ligated to the ends of 
cDNA fragments (100 ng) using T4 ligase (Clon-
tech) according to the manufacturer’s instruction. 
The GenomeWalker adapter has MluI, SalI and 
XmaI recognition sites for cloning. The ligation 
mixture was purified with a QIAquick PCR puri-
fication kit (Qiagen) to remove unligated adapter. 
DNA polymerisation was performed in a 50 �l 
volume with the following components: 25 pmol 
of 3�-T7-SalI primer (5�-TCTAGTCGACGGC-
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CAGTGAATTGT-3’), 1× advantage 2 PCR buffer 
(Clontech), 200 �M of each dNTP (Clontech) and 
1× advantage 2 polymerase mix (Clontech). The 
reaction was performed in a 50 �l volume with the 
following programme: preheat at 94 °C for 1 min; 5 
cycles at 94 °C for 1 min, 62 °C for 1 min, 72 °C for 
2 min; final extension at 72 °C for 5 min. After re-
action purification with a QIAquick PCR purification 
kit (Qiagen), subsequent PCR was performed using 
25 pmol of Adapter primer 1 (5�-GTAATACGACT-
CACTATAGGGC-3�) (GenomeWalker Universal
Kit, Clontech) of and 3�-T7-SalI primer 5�-TCT-
AGTCGACGGCCAGTGAATTGT-3�), 1× advan-
tage 2 PCR buffer (Clontech), 200 �M of each 
dNTP (Clontech) and 1× advantage 2 polymerase 
mix (Clontech). The reaction was performed with 
the following cycling conditions: preheat at 94 °C 
for 1 min; 30 cycles at 94 °C for 1 min, 62 °C for 
1 min, 72 °C for 2 min; final extension at 72 °C 
for 7 min. The PCR products were purified with a 
QIAquick PCR purification kit (Qiagen).

1 �l of the PCR product was diluted to 100 �l 
with nuclease free water, and 1 �l of the diluted 
DNA was used as template for the second round of 
PCR. The PCR was performed in a 50 �l volume 
of the same buffer as described for the 1st round 
of PCR with 25 pmol of nested adapter primer 
(5�-ACTATAGGGCACGCGTGGT-3�) from the 
GenomeWalker Universal Kit (Clontech) and 25 
pmol of 3’-SalI nested primer (5�-GTGAATTG-
TAAGTCGACTCAC-3�). The cycling profile was 
94 °C for 1 min; 30 cycles at 94 °C for 1 min, 
62 °C for 1 min, 72 °C for 2 min; final extension at 
72 °C for 7 min. The PCR products were purified 
with a QIAquick PCR purification kit (Qiagen), 
digested with SalI and XmaI. The digests were sepa-
rated by agarose gel electrophoresis, and fragments 
of more than 300 bp were collected and purified 
with a QIAquick Gel Extraction kit (Qiagen). 

The DNA was cloned into SalI and XmaI sites of 
pBluescript II KS (Stratagene, La Jola, USA) and 
used to transform the E.coli XL10-Gold strain (Stra-
tagene). The pBluescript cDNA library was amp-
lified according to the Stratagene manufacturer’s 
instructions (pBluescript II XR cDNA Library con-
struction Kit, Statagene). 

In order to enrich the cDNA for arbuscule-
specific clones, the double stranded (ds) cDNA 
obtained from LCM samples was subjected to 
subtractive hybridization with cDNA derived from 

Medicago non colonised roots using CLONTECH 
PCR-SelectTM cDNA subtraction Kit. Subtraction 
was performed to isolate differently expressed ds-
cDNA according to the manufacturer’s instructions 
(Clontech). This method selectively amplifies the 
mycorrhiza related cDNA from M. truncatula colo-
nized by G. intraradices. The amplification products 
were cloned into the pGEM®-T Easy vector (Pro-
mega, Madison, WI, USA).

Using the substitution of the Nested PCR primer 
2R from the CLONTECH PCR-SelectTM cDNA 
subtraction Kit (5�-AGCGTGGTCGCGGCCGA-
GGT-3�) to specially designed NotI Adapter primer 
5�-ATGCGGCCGCGTGGTCGCGGCCGA-
GGT -3�) and two rounds of nested PCR, the Not I
restriction sites were introduced to both sides of 
subtracted cDNAs. Subsequently, using Not I re-
striction, subtracted cDNA was cloned into the 
pYES2 vector.  

PCR analysis. 20 ng of cDNA obtained from 
non-colonised roots and 50 ng of library DNA were 
used as PCR template. PCR was performed in 50 �l 
volume with 1× advantage 2 SA PCR buffer (Clon-
tech), 200 �M of each dNTP (Clontech) and 1× ad-
vantage 2 polymerase mix (Clontech). The cycling 
profile was: 95 °C for 1 min; 36 cycles at 95 °C for 
30 sec, 68 °C for 1 min; final extension at 68 °C for 
7 min. The primer pairs used for PCR were as fol-
lows: for elongation factor �1 (#TC106485, TIGR): 
Ef�1 forward (5�-AGAGACCCACAGACAAGCC-
CCTCAG-3�) and Ef�1 reverse (5�-CTTGGCAG-
CAGCTTTGGTGACTTTG-3’); for the mycorrhiza 
specific phosphate transporter (MtPT4) (#TC85743, 
TIGR): MtPT4 forward (5�-ACAGCCCGAAGG-
GGATTTACTCTGG-3�) and MtPT4 reverse (5�-
GTTTCCGTCACCAAGAACGTGCAAA-3�); 
for the mycorrhiza specific H+-ATPase (Mtha1) 
(#TC95400, TIGR): Mtha1 forward (5�-TGGAC-
TTCGTTCTGGGGTTGCT-3�) and Mtha1 re-
verse (5�-AAGCGGTGCACACCAAAATTGTC-
AG-3�); for the Glomus intraradices �-tubulin 2 
(#AY326321, NCBI): �tub2 forward (5�-CCATTA-
CACCGAAGGCGCTGAACTT-3�) and �tub2 re-
verse (5�-GTCAATGGAGCAAATCCGACCAT-
GA-3�); for Glomus intraradices 18S ribosomal gene: 
18S forward (5�-CGGTGCGTTGCAATTTTT-
GTGATG-3�) and 18S reverse (5�-GGAACCAC-
ACGATATGGTCGCATCT-3�); for the mycor-
rhiza specific nitrate transporter (EST clone 
#TC78158, TIGR), Nittrans1 forward (5�-GCC-
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GGAGTCGCTTCGGTTTCAGGTA-3�) and Nit-
trans2 reverse (5�-CGATCGGAAGTGTATTCGC-
ACGTCCT-3�), for the mycorrhiza specific hexo-
se transporter (MtST1), (#TC87421, TIGR) MtST1
forward (5�-GTGGGTCGGATCTTGCTCGGG-
TTTG-3�) and MtST1 reverse (5�-CCAACCAA-
GAGGACCCCATGACCAA-3�), for the mycor-
rhiza specific manganese transporter (MtZIP7), 
(# TC88701, TIGR) MtZIP7 forward (5�-CGC-
CACTTTCATTGCCGGTGTTTCA-3�) and MtZ-
IP7 reverse (5�-TGCAAAAGCGTAGGCTGCG-
CATGAT-3�), for the mycorrhiza specific H+ 
pump intreractor (EST clone #TC80954, TIGR) 
Protp forward (5�-TAATGCTGGTCGGGCGG-
TATCTGC-3�) and Protp reverse (5�-CCCTAC-
TCAGCTGCCGCATGTCCAA-3�), for the Glo-
mus intraradices extensin-like protein, (EST clone 
# giI1076557IpirIIs54157, SWBIC) ExtGl forward 
(5�-AGCTTCCCGGGTGACAAAGATGACG-3�) 
and ExtGl reverse (5�-GCCTGGGGAGGCAGA-
TCGTTTGTAGC-3�). 

Real-time PCR analysis. Primers for Real-time 
PCR were designed using the Primer ExpressTM 
software (Applied Biosystems, Foster City, USA). 
A fragment from MtPT4 transcript was amplified 
using the primers MtPT4sybr forward (5�-CTG-
CATTTCAACCGTTTCGA-3�) and MtPT4sybr 
reverse (5�-CAGCCGAAGACTAATTGGCC-3�). 
A fragment from elongation factor �1 was ampli-
fied using primers EFsybr forward (5�-CATTT-
GTTCCCATCTCCGGA-3�) and EFsybr reverse 
(5�-TGTCTGTGGGTCTCTTGGGC-3�). The pri-
mers Mtha1sybr forward (5�-TGATGCCGGTAA-
TATGC-3�) and Mtha1sybr reverse (5�-CGAAGT-
CCACGTTCTGCAAA-3�) were used to amplify 
fragments corresponding to Mtha1. Fragments of the 
G. intraradices 18S ribosomal gene were amplified 
using 18Ssybr forward (5�-GCGAAGTGCGATAA-
GTAATGTGA-3�) and 18Ssybr reverse (5�-AATT-
GCAACGCACCGATTTT-3�). Real-time PCR was
carried out using the ABI PrismTM 7000 sequence 
detection system, optical caps and optical tubes 
(Applied Biosystems). PCR amplification mixtures 
(20 �l) contained 20 ng of obtained cDNA or 
50 ng of library cDNA, 2× SybrGreenTM Master Mix 
buffer (10 �l) (Applied Biosystems) and primers 
(1 �l). The cycling conditions were chosen accor-
ding to the manufacturer instructions. They com-
prised 10 min polymerase activation at 95 °C and 
40 cycles at 95 °C for 15 sec and 60 °C for 60 sec.

Each assay was performed in triplicate. Data evalu-
ation was carried out using the ABI Prism software. 
The threshold cycle number (Ct) was determined 
according to manufacturer instructions. The differ-
ences in Ct values between EF �1 and experimental 
amplicons (�Ct) were normalized to the lowest �Ct 

value (��Ct). Relative numbers of transcripts were 
calculated using the formula 2-��Ct, setting the num-
ber of samples with the lowest �Ct-value as 100 %.  

Results and discussion. To extract viable RNA, 
tissue sectioning has to be compatible with micros-
copy demands, laser ablation and the prevention 
of RNA degradation. For successful capturing of 
cell material by LCM, the mounted tissue has to be 
completely dehydrated which frequently obscures 
structural nuances. Thus, our attempts to visualise 
arbuscules using cryosections normally failed since 
it was very difficult or impossible to distinguish ar-
buscules from surrounding tissue after dehydration 
of cryosamples. After evaluating various methods 
we found that tissue fixed with either paraformalde-
hyde or ethanol : acetic acid (3:1) and embedded in 
PEG1000 gave the best visualisation of arbuscular 
material after dehydration. Though no differences 
were detected between the fixation methods re-
garding arbuscular identification, ethanol : acetic 
acid fixation is generally believed to be more com-
patible with RNA recovery [14]. Using ethanol : 
acetic acid as a fixation medium and arbuscular 
autofluorescence as a further aid to select tissue 
sections, arbuscules were marked and subsequently 
collected (Fig. 1, see inset). 

Total RNA was extracted from approximate-
ly 3000 young arbuscules, treated with DNase I, 
linearly amplified and subjected to synthesis of 
double-stranded cDNA. Approximately 1 �g of 
double stranded cDNA was obtained by amplifica-
tion. Usually, 2 rounds of amplification generated 
a sufficient amount (approximately 10–20 �g) of 
aRNA.

Prior to construction of the cDNA library, RT-
PCR experiments were performed to determine 
whether the aRNA was a suitable template and 
whether mycorrhiza specific genes could be detect-
ed. For example, in situ hybridization experiments 
showed localization of MtPT4 and Mtha1 within 
arbuscule containing cells whereas the �-tubulin 2 
gene is constitutively expressed in Glomus intrara-
dices [32–34]. Our RT-PCR experiments on aRNA 
support these previous findings (data not shown).
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To estimate enrichment of mycorrhiza-specific 
transcripts relative to intact colonised roots of Med-
icago truncatula, the obtained cDNAs were sub-
jected to Real-time PCR analysis. The obtained 
data demonstrate a significant enrichment of Med-
icago Mtha1, MtPT4 and Glomus 18S ribosomal 
cDNAs with the level of MtPT4 transcript increased 
3 times, the Mtha1 transcript 14 times and the level 
of Glomus 18S transcript rose by nearly 78 times 
in comparison with those values for cDNA from 
colonised Medicago truncatula roots.  

A cDNA library was constructed according to 
the T7 polymerase based RNA amplification pro-
tocol with subsequent synthesis of double-stranded 
cDNAs. The cDNAs were ligated to adaptors to 
generate MluI, SalI and XmaI restriction recogni-
tion sites and then amplified by PCR. The observed 
PCR products ranged from 100 bp to 4000 bp in 
size and were fractionated by agarose gel to re-
move small PCR products, unincorporated primers, 
mononucleotides and primer artefacts. The cDNAs 
were cloned into the pBluescript II KS vector and 
an arbuscule specific primary library was obtained 
in E. coli which after amplification showed a titre 
of 5·108 cfu per ml. 

The cDNA library was tested using Real-time 
PCR, showing the presence of amplicons for 
mycorrhiza-specific genes of Medicago truncatula 
(MtPT4, Mtha1) and Glomus intraradices (�-tubuline 
2, 18SrDNA) [34, 35]. In order to further check the 

quality of the primary library, 10 randomly selected 
clones were subjected to sequencing. Three clones 
out of 10 showed similarity to Medicago truncatula 
ESTs. None of the clones detected had sequence 
similarity to Glomus intraradices, probably due to 
the limited amount of sequence information availa-
ble for arbuscular mycorrhiza fungi in the databases. 
We therefore proceeded with a cDNA subtraction 
to enrich the obtained library further. 

Five mycorrhiza-specific ESTs were selected to 
test library enrichment: The Medicago high-affinity 
nitrate transporter, the hexose transporter MtSt1, 
the manganese transporter MtZIP7, and the H+ 
pump interactor [36]. For Glomus an extensin-like 
protein and �-tubulin 2 were tested [34]. The re-
sults show that subtraction allowed us to amplify 
new mycorrhiza specific transcripts that were not 
amplified before (Fig. 2, a, b, see inset). Subtracted 
cDNAs were cloned into pGEM®-T Easy vector 
(Promega). Using the two rounds of nested PCR 
subtracted cDNA with introduced NotI restric-
tion sites were cloned into the yeast vector pYES2. 
pGEM®-T Easy and pYES2 based cDNA libraries 
were amplified and gave a titre ~ 5 · 108 cfu. 

As for the non-subtracted library, 12 randomly 
selected clones from the pGEM®-T Easy library 
were sequenced (Table). The sequencing results 
demonstrate a much higher frequency of sequence 
similarity to Medicago and Glomacean ESTs.  Eight 
clones out of 10 showed similarity to Medicago trun-

Features of sequences and BLAST analysis from randomly selected cDNA clones from subtracted cDNA library. 
BLAST analyses against NCBI EST database shows high sequence similarity to specific Medicago or fungal ESTs

Clone 
number

Similarity Source
Accession 
number

1, 2

3

4, 6, 8

5, 9, 10

7

10

11, 12

95 % to gene of uncultured 
Glomus 25S rRNA
90 % to Glomus intraradices 
telomeric region
97 % to Medicago  truncatula 
mRNA sequence
89 % to Medicago truncatula 
mRNA sequence
93 % to Medicago truncatula 
mRNA sequence 
86 % to Medicago truncatula 
mRNA sequence

No similarity

Uncultured Glomus, genome DNA, root 
sample, mycelium 
Glomus intraradices, genome DNA 

Phosphate starved leaf Medicago truncatu-
la cDNA, clone NFO008A12PL 
Irradiated Medicago truncatula cDNA, clone 
NFO093HO31H
Drought Medicago truncatula cDNA, clone 
NF099D11DT 
Medicago truncatula, seedling roots, 3 days
post-inoculation with Sinorhizobium, cDNA,
clone KV3-49N24   
Unknown

AB250019

AJ851840

giI20294998IgbIBQ157941.1

giI20293590IgbIBQ156531.1

BG451206.1

CB891346

Unpublished
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catula ESTs, 3 clones had a similarity to Glomacean 
ESTs and 2 cDNA clones did not show any simi-
larities. 

To test for the presence of full length clones 
in our library, we attempted to amplify six inserts 
using primers that would span the entire open read-
ing frame of the M. truncatula hexose transporter 
MtSt1, the elongation factor �1 and the phosphate 
transporter MtPT4, and the G. intraradices sequenc-
es encoding tubulin-2 and an extensin-like protein. 
We were able to amplify a 1713 bp fragment of the 
1730 bp long Hexose transporter MtSt1 (#TC87421, 
TIGR) and 1079 bp of 1100 bp long Glomacean 
�-tubulin2 (data not shown).

In order to test the functionality of the library, 
we used it to transform several yeast mutant strains 
defective in the uptake and compartmentation of 
various nutrients. Fig. 3 (see inset) shows that li-
brary derived clones were capable of complement-
ing yeast deficiencies in the uptake of K+, sulphate, 
phosphate, ammonium and the compartmentation 
of Mn2+. To certify that restored yeast growth was 
due to genuine transformation events, plasmids 
were recovered and used to retransform the defi-
cient genotype. In all cases, a restoration of growth 
was observed that was similar to that obtained from 
the original transformation with the SSH cDNA 
library, showing that the arbuscule-specific library 
derived inserts were responsible for the comple-
mentation. 

The pYES2-based cDNA library was transfor-
med into yeast manganese sensitive strains and de-
ficient in high affinity K+, phosphate, sulphate, ami-
no acids, ammonium uptake. The low K+ sensi-
tive CY162; low sulphate sensitive YSD1; low am-
monium sensitive YGR121c (MEP1), YNL081w 
(MEP2), 31019b (Mep1, Mep2, Mep3); low phos-
phate sensitive YBR296c (PHO89); amino acid 
sensitive YKR039w (GAP1) and manganese sen-
sitive PMR1 strains were transformed with the 
SSH cDNA library. Obtained transformants have 
shown restored ability to grow on low K+ condi-
tion for CY162 (Fig. 3), on low sulphate condi-
tion for YSD1 (Fig. 3), on low NH4

+ condition 
for YGR121c (MEP1), YNL081w (MEP2), 31019b 
(Mep1, Mep2, Mep3), on phosphate depleted con-
dition for YBR296c (PHO89) and low proline NH4

+ 

free condition for YKR039w (GAP1). Moreover, 
we were able to restore ability to grow for man-
ganese sensitive mutant PMR1 with presence of 

3mM MnSO4 (Fig. 3). Complemented yeast mutant 
transformants had growth rates similar to those of 
wild type cells. 

Plasmids isolated from complemented strains 
were used for retransformation of the same yeast 
background mutants and for sequencing analysis. 
After retransformation of 8 different yeast mutants, 
the restored growth properties were identical to 
those observed after the initial transformation.  

At the presen t time many processes leading to 
the establishment, development and functioning of 
micorrhizas remain unclear. Progress in this area is 
greatly frustrated by the inaccessibility and intricacy 
of the plant-fungus interface. Indeed, many ap-
proaches and techniques that have been successfully 
used for other biological systems cannot be applied 
to the fine structures of arbuscules and intraradi-
cal hyphae. However, this study demonstrates the 
effectiveness of LCM as a novel approach to study 
AM mycorrhizas. LCM not only allows physical 
access to arbuscules but, in combination with am-
plification and subtraction protocols, also allows the 
construction of specific cDNA libraries that can be 
used to study the transcriptome of arbuscules and 
colonised root cells. 

To generate an arbuscular cDNA library we ex-
cised arbuscules from colonised root cells. LCM has 
been used previously to isolate subcellular compart-
ments but due to the laser resolution the material 
surrounding subcellular targets is inevitably sampled 
as well. Thus, our starting material derived from 
both fungi and plants but was greatly enriched in 
mycorrhizal structures. The small size of arbuscules 
also required a relatively large sample of 3000. Oth-
er studies have shown that smaller samples suffice to 
generate cDNA libraries but these tended to consist 
of entire cells and derived from cryosections [12, 
15]. Our findings show that cryosectioning is not 
suitable for mycorrhizal root tissue. Indeed, the 
longer and more complicated PEG tissue prepara-
tion may have led to more RNA degradation and 
hence the requirement for larger samples.

Subtraction allowed us to further enrich our 
library for mycorrhiza-related clones. Subtraction 
procedures can provide greater than 1000-fold en-
richment and are therefore ideal to optimise the 
presence of rare transcripts. Moreover, literature 
data suggest that subtracted libraries can be used as 
an alternative or as a complementary transcript pro-
filing tool to microarrays, especially for the identi-
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fication of novel genes and transcripts of low abun-
dance [37].    The successful amplification of known 
mycorrhiza-related genes from the constructed 
cDNA library confirms the specificity of the library 
and the effectiveness of our approach. The average 
size of inserts for the primary pBluescript library was 
around 500 bp. The subtracted cDNA library com-
prised clones that ranged from 500 bp to 6000 bp. 
Thus, despite of an aRNA amplification and cDNA 
synthesis procedures that initiate at the 3’ end of 
mRNA, the size of the obtained inserts suggests 
the presence of many full length clones. In addi-
tion, we were able to amplify full length sequences 
encoding a mycorrhiza-specific hexose transporter 
(MtST1) and a fungal �-tubulin 2. Complementa-
tion of 8 different yeast mutants provides additional 
evidence that our library contains functional inserts 
that can be used for further analysis. Indeed, the 
combination of LCM, library subtraction and yeast 
complementation assays forms a powerful tool for 
discovering and cloning of new genes.    

In summary, the usage of LCM in combina-
tion with PEG embedding protocols is a novel ap-
proach and provides a promising route to deepen 
our understanding of mycorrhizal symbioses. This 
approach could be expanded to develop further new 
libraries, for example from intraradical hyphae, 
plant tissues which surround arbuscule containing 
cells, or from arbuscular fractions of different de-
velopmental stages. 

This work was supported by Leverhulme Trust 
foundation (grant F/00 224/R). We thanks Dr. Anne-
Marie Marini (Institut de Biologie et de Medecine 
Moleculare, Universite Libre de Bruxelles, Gosselies, 
Belgium) for providing the S. cerevisiae strain 31019b.

ÑÎÇÄÀÍÈÅ È ÏÐÈÌÅÍÅÍÈÅ 
ÑÏÅÖÈÔÈ×ÍÎÉ Ê ÀÐÁÓÑÊÓËßÐÍÎÉ 
ÌÈÊÎÐÈÇÅ ÁÈÁËÈÎÒÅÊÈ êÄÍÊ 

Ñ. Èñàåíêîâ, Ô.É.Ì. Ìààòõàóñ

Äëÿ òîãî ÷òîáû îöåíèòü ïîòåíöèàëüíóþ ïîëüçó ìè-
êîðèçû, íàì íóæíî áûëî èññëåäîâàòü ïðîöåññû, 
èìåþùèå ìåñòî â ýòèõ ñèìáèîòè÷åñêèõ âçàèìî-
äåéñòâèÿõ, â îñîáåííîñòè ýòî êàñàåòñÿ àðáóñêóëÿð-
íûõ êîìïàðòìåíòîâ, ãäå ïðîèñõîäèò îáìåí ïèòà-
òåëüíûìè âåùåñòâàìè ìåæäó ãðèáîì è ðàñòåíèåì. 
Ïðè èññëåäîâàíèÿõ â ýòîé îáëàñòè ñòàëêèâàþòñÿ ñ 
òðóäíîñòÿìè èç-çà ñëîæíîñòè îáðàçîâàíèÿ è ñòðóê-
òóðû ñèìáèîòè÷åñêèõ îðãàíîâ (àðáóñêóë) è íåâîç-
ìîæíîñòè îòäåëèòü ýòè îðãàíû îò äðóãèõ òèïîâ êëå-

òîê. Ïîýòîìó ìíîæåñòâî ìåòîäîâ, ïðèìåíÿåìûõ â 
èññëåäîâàíèÿõ ðàñòèòåëüíûõ è æèâîòíûõ ñèñòåì, 
íå ìîãóò áûòü èñïîëüçîâàíû â ýòîì ñëó÷àå. Îäíèì 
èç ñàìûõ ýôôåêòèâíûõ ïîäõîäîâ äëÿ èçó÷åíèÿ ïðî-
öåññîâ, ïðîèñõîäÿùèõ â àðáóñêóëàõ, ÿâëÿåòñÿ îïðå-
äåëåíèå êîìïîçèöèè òðàíñêðèïòîâ è èõ äèíàìèêè. 
Íàìè ïðèìåíåí ìåòîä ìèêðîñêîïèè ñ ëàçåðíîé 
ìèêðîäèññåêöèåé äëÿ ñáîðà è âûäåëåíèÿ îêîëî 
3000 àðáóñêóë èç Glomus intraradices, êîòîðûé êî-
ëîíèçèðîâàë êîðíè Medicago truncatula. Îáùàÿ ÐÍÊ 
âûäåëåíà èç ñîáðàííûõ àðáóñêóë, è åå èñïîëüçîâàëè 
äëÿ ëèíåéíîé àìïëèôèêàöèè ìÐÍÊ ñ ïîìîùüþ T7 
ÐÍÊ ïîëèìåðàçû. Àìïëèôèöèðîâàííàÿ ÐÍÊ áû-
ëà èñïîëüçîâàíà äëÿ ñîçäàíèÿ áèáëèîòåêè êÄÍÊ.
Ïðèñóòñòâèå è óðîâåíü îáîãàùåíèÿ ñïåöèôè÷åñêè-
ìè äëÿ ìèêîðèçû òðàíñêðèïòàìè îïðåäåëÿëè ñ ïî-
ìîùüþ ÏÖÐ àíàëèçà â ðåàëüíîì âðåìåíè è îáû÷-
íîé ÏÖÐ. Äëÿ òîãî ÷òîáû ïîâûñèòü îáîãàùåíèå 
áèáëèîòåêè ñïåöèôè÷íûìè äëÿ ìèêîðèçû òðàíñ-
êðèïòàìè, áûëà ïðîâåäåíà ñóáòðàêöèÿ áèáëèîòåêè. 
Òðàíñôîðìàöèÿ ìóòàíòîâ äðîææåé, èìåþùèõ äå-
ôåêòû â ïîãëîùåíèè êàëèÿ, ôîñôàòîâ, àìèíîêèñëîò 
àììîíèÿ è ìàðãàíöà, êëîíàìè èç áèáëèîòåêè êÄÍÊ 
ñâèäåòåëüñòâóåò î ôóíêöèîíàëüíîñòè ñîçäàííîé áèá-
ëèîòåêè.

ÑÒÂÎÐÅÍÍß ÒÀ ÇÀÑÒÎÑÓÂÀÍÍß 
ÑÏÅÖÈÔ²×ÍÎ¯ ÄÎ ÀÐÁÓÑÊÓËßÐÍÎ¯ 
Ì²ÊÎÐÈÇÈ Á²ÁË²ÎÒÅÊÈ êÄÍÊ 

Ñ. ²ñàºíêîâ, Ô.É.Ì. Ìààòõàóñ 

Ùîá îö³íèòè ïîòåíö³éíó êîðèñòü ì³êîðèçè, íàì 
ïîòð³áíî áóëî äîñë³äèòè ïðîöåñè, ùî ìàþòü ì³ñöå 
ó öèõ ñèìá³îòè÷íèõ âçàºìîä³ÿõ, â îñîáëèâîñò³ öå 
ñòîñóºòüñÿ àðáóñêóëÿðíèõ êîìïàðòìåíò³â, äå â³äáó-
âàºòüñÿ ïðîöåñ îáì³íó ïîæèâíèìè ðå÷îâèíàìè ì³æ
ãðèáîì òà ðîñëèíîþ. Ïðè äîñë³äæåííÿõ ó ö³é îá-
ëàñò³ ñòèêàþòüñÿ ç âåëèêèìè òðóäíîùàìè ÷åðåç 
ñêëàäíîñò³ óòâîðåííÿ ñèìá³îòè÷íèõ îðãàí³â (àðáóñ-
êóë) òà íåìîæëèâîñò³ â³äîêðåìèòè ö³ îðãàíè â³ä ³íøèõ 
òèï³â êë³òèí. Òîìó áàãàòî ìåòîä³â, ùî óñï³øíî çà-
ñòîñîâóâàëèñü äëÿ äîñë³äæåíü ðîñëèííèõ òà òâà-
ðèííèõ ñèñòåì, íå ìîæóòü áóòè âèêîðèñòàí³ ó öüîìó 
âèïàäêó. Îäíèì ³ç åôåêòèâíèõ ï³äõîä³â äëÿ âèâ÷åííÿ 
ïðîöåñ³â, ùî ìàþòü ì³ñöå ó àðáóñêóëàõ, º âèçíà÷åí-
íÿ êîìïîçèö³¿ òðàíñêðèïò³â òà ¿õ äèíàì³êè. Íàìè 
çàñòîñîâàíî ì³êðîñêîï³þ ³ç ëàçåðíîþ ì³êðîäèñåêö³ºþ 
(LCM) äëÿ çáîðó òà âèä³ëåííÿ ç êë³òèí ïðèáëèçíî 
3000 àðáóñêóë ³ç Glomus intraradices, ùî êîëîí³çóâàâ 
êîðåí³ Medicago truncatula. Çàãàëüíà ÐÍÊ âèä³ëåíà 
³ç ç³áðàíèõ àðáóñêóë, ³ ¿¿ çàñòîñîâóâàëè äëÿ ë³í³éíî¿ 
àìïë³ô³êàö³¿ ìÐÍÊ çà äîïîìîãîþ T7 ÐÍÊ ïîë³-
ìåðàçè. Àìïë³ô³êîâàíà ÐÍÊ áóëà âèêîðèñòàíà äëÿ 
ñòâîðåííÿ á³áë³îòåêè êÄÍÊ. Ïðèñóòí³ñòü òà ð³âåíü 
çáàãà÷åííÿ íà ñïåöèô³÷í³ äëÿ ì³êîðèçè òðàíñ-
êðèïòè âèçíà÷àëè çà äîïîìîãîþ ÏËÐ àíàë³çó ó ðå-
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àëüíîìó ÷àñ³ òà çâè÷àéíî¿ ÏËÐ. Ùîá ï³äâèùèòè 
çáàãà÷åííÿ á³áë³îòåêè êÄÍÊ ñïåöèô³÷íèìè äî ì³-
êîðèçè òðàíñêðèïòàìè, áóëî ïðîâåäåíî ñóáòðàêö³þ 
á³áë³îòåêè. Òðàíñôîðìàö³ÿ äð³æäæîâèõ ìóòàíò³â, äå-
ôåêòíèõ çà ïîãëèíàííÿ êàë³þ, ôîñôàò³â, àì³íî-
êèñëîò, àìîí³þ òà ìàðãàíöþ, òðàíñêðèïòàìè ³ç á³á-
ë³îòåêè êÄÍÊ ñâ³ä÷èòü ïðî ôóíêö³îíàëüí³ñòü ñòâî-
ðåíî¿ á³áë³îòåêè. 
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