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Abstract Arbuscular mycorrhizas are endosymbiotic
associations formed between obligately biotrophic ar-
buscular mycorrhizal (AM) fungi and plant roots. The
fungus and plant coexist in intimate contact as the fun-
gus grows within the cortex of the root. RNA isolated
from arbuscular mycorrhizas contains transcripts from
both eukaryotic genomes. It is essential to be able to esti-
mate the relative levels of fungal and plant RNA so that
changes in plant and fungal gene expression can be eval-
uated during development of the AM symbiosis. Here
we describe the design and use of specific plant and fun-
gal internal transcribed spacer sequences and 18S rRNA
probes to distinguish and quantify the relative levels of
RNA of plant and fungal origin in samples from ar-
buscular mycorrhizas. We present two different methods.
The first employs the most traditional method of tran-
script level analysis, namely northern blot analysis. The
second one uses ribonuclease protection assays, which
permit the analysis of transcript levels in a very small
amount of tissue and are proving to be suitable for the
analysis of gene expression in AM fungi. Analysis of
tissues from a developing mycorrhiza showed that the
relative levels of fungal RNA increased gradually as
colonization of the root system progressed, reaching
5-12% in the most highly colonized samples.
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Introduction

Plants have evolved a range of mechanisms to access
phosphate from low-nutrient environments, one of the
most widespread being the formation of symbiotic asso-
ciations with arbuscular mycorrhizal (AM) fungi (Smith
and Read 1997). Development of an AM symbiosis is a
complex process and requires the coordinate differentia-
tion of both symbionts. The underlying alterations in
gene expression have been the focus of several investiga-
tions (Gianinazzi-Pearson et a. 2000; Krajinski et al.
2000; Lanfranco et al. 1999; Requena et al. 1999;
Roussel et al. 2001; van Buuren et al. 1999). Analysis of
individual transcript levels in the arbuscular mycorrhiza
are complicated as isolated RNA comprises both plant
and fungal RNAs and the ratio changes depending on the
extent of fungal colonization of the root. Steady-state
transcript levels are usualy calculated relative to a con-
stitutively expressed RNA, frequently rRNA. However,
for calculations of transcript levels in mycorrhizal RNA,
it is more appropriate to normalize the transcript levels
to a constitutive transcript from the appropriate symbiont
rather than from the total mycorrhizal RNA. Otherwise,
apparent changes in a plant transcript in mycorrhizal
RNA samples could be the result of variation in the
amount of plant RNA present in the samples rather than
atrue change of expression. Likewise, the induction of a
fungal gene in the mycorrhiza cannot be assessed unless
the amount of fungal RNA in the mycorrhizal RNA sam-
ple can be standardized. Therefore, probes that recognize
constitutively expressed transcripts from each symbiont
are required. This has been achieved for ectomycorrhi-
zas, where the use of 5.85-interna transcribed spacer
(ITS) probes specific for Pisolithus and Eucalyptus per-
mitted the estimation of the relative amounts of fungal
and plant RNAs in the ectomycorrhiza (Diaz et a. 1997).
However, probes specific for constitutive transcripts
from the symbionts of an arbuscular mycorrhiza have not
been reported. Although there are a number of constitu-
tively expressed plant genes that are widely used for nor-
malizing plant transcripts, not all of these are suitable for
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use in mycorrhizal roots. For example, plant tubulin,
which is frequently used as a standard, is actually in-
duced during the symbiosis and, therefore, is not appro-
priate (Bonfante et al. 1996). The choice of constitutive
fungal transcriptsis severely hampered by the lack of in-
formation about the AM fungal genome. However, this
is improving rapidly with the advent of EST sequencing
(Sawaki and Saito 2001).

The genomes of eukaryotes, especialy those of
higher plants, contain numerous copies of ribosomal
RNA genes (Long and David 1980; Mandal 1984).
These are arranged in one or more tandemly repeated
gene clusters. One transcribed unit consists of the highly
conserved 18S, 5.8S, and 25S rRNA coding regions and
the ITS, which are highly divergent regions (Franken
and Gianinazzi-Pearson 1996; Lloyd-MacGilp et al.
1996; Simon 1996; Simon et al. 1993). Each rDNA tran-
scription unit is separated from the adjacent repeat by an
intergenic spacer (IGS) located between the 3' end of the
25S gene of one repeat and the 5' terminus of the 18S
gene of the next repeat. It is calculated that the haploid
genome of plants can contain 200—-22,000 repeating units
(Rogers and Bendich 1987).

Here we demonstrate the design and use of specific
ITS and 18S rRNA probes in northern blot analysis and
ribonuclease protection assays (RPA) to estimate the
relative amount of Glomus versiforme and Medicago
truncatula RNA present in samples of RNA from mycor-
rhizal roots of M. truncatula/G. versiforme. These two
approaches gave comparable results and the inclusion of
either method in gene expression studies will assist in
the evaluation of plant and fungal gene expression in
mycorrhizas. There are, however, important differences
in the sensitivity of these methods.

Materials and methods

Plant growth and colonization by mycorrhizal fungi

Stock cultures of G. versiforme were prepared and maintained ac-
cording to Harrison and Dixon (1993). M. truncatula Gaertn.
“Jemalong” growth, colonization procedures, and time-course ex-
periments were set up as described previously (van Buuren et al.
1999). Two-week-old seedlings (7—10 plants per 11-cm pot) were
inoculated with 5,000 spores from G. versiforme sporocarps. Con-
trol plants were mock-inoculated with the final distilled water
wash from the spore sterilization procedure. The plants were fer-
tilized weekly with half-strength Hoagland's (Arnon and Hoagland
1940) solution containing 20 uM phosphate. Control plants did not
show any colonization. Roots were harvested at 8, 15, 22, 29, and
44 days and colonization levels were 12%, 20%, 57%, 71% and
72%, respectively (van Buuren et al. 1999). In a second experi-
ment, samples were taken at 29 and 44 days and showed 30% and
61% colonization, respectively, as assessed by a modified gridline
intersect method (McGonigle et a. 1990).

Isolation of RNA

RNA was extracted from non-mycorrhizal roots, mycorrhizal roots
and fungal spores as described previously (Harrison and Dixon
1993; Harrison and van Buuren 1995).

Cloning of M. truncatula and G. versiforme 18S rRNAs

Reverse transcription reactions containing either RNA extracted
from approximately 100 G. versiforme spores (Harrison and van
Buuren 1995) or 1 pg of total RNA from M. truncatula roots were
carried out as described by Harrison (1995) and Kawasaki (1990).
18S rRNA sequences were amplified from M. truncatula (NS1,
5'GTAGCTATATGCTTGTCTC3'; and NS8, 5 TCCGCAGGTTC-
ACCTACGGAZT') (White et al. 1990) and G. versiforme (NS1 and
NS21 (Simon et a. 1992), 5 AATATACGCTATTGGAGCTGG3')
by PCR. The PCR reactions contained 1/10 of the reverse tran-
scription reaction, 0.2 mM dNTPs, 40 pmol primers, 1x PCR reac-
tion buffer (10 mM Tris-HCI, 1.5 mM MgCl,, 50 mM KCl,
pH 8.3) and 6 units of Tag DNA polymerase (Boehringer Mann-
heim, Indianapalis) in a total volume of 50 pl. The PCR cycle
was performed as follows: 95°C/2 min, 35 cycles (95°C/1 min,
annealing 50°C/1 min, elongation 72°C/2 min), and termination
72°C/10 min. The RT-PCR fragments obtained from G. versiforme
spore RNA (590 bp) and M. truncatula root RNA (1.781 kb)
(Fig. 1A) were cloned into the T-modified EcCoRV site of the pT7
PCR T-vector (Novagen, Madison, Wis., USA). The M. truncatula
1.781-kb fragment was digested with restriction enzymes Sall
and BamHI to generate a 329-bp fragment, which was subcloned
in pBlueScript-SKI11+ (Stratagene, La Jolla, Calif., USA). Clones
were sequenced on both strands by dideoxy sequencing on an ABI
373A automated sequencer (Applied Biosystems, Foster City,
Calif., USA) (Fig. 1B).

Cloning of the M. truncatula and G. versiforme I TS regions

ITS regions were amplified from genomic DNA of M. truncatula
and G. versiforme using ITSVITS4 primers (White et al. 1990).
The fragments were 705 bp and 544 bp in length, respectively, and
were cloned and sequenced to confirm their identity. Short, gene-
specific ITS probes were generated from the large ITS clones
by PCR. Primers Gv-ITS-A (5CGCGGATTTGAGTTTTCCAG-
TA3') and Gv-ITS-B (5AAATATATACTCGCACAZ') were used
to amplify a 175-bp fragment from the G. versiforme ITS clone
and primers Mt-ITS-A (§TGGCCTCCCGTGAGCTCTG3') and
Mt-ITS-B (5TAAAAGAGTCCACATTC3') were used to amplify
a 132-bp fragment from the M. truncatula ITS clone (Fig. 1C).
These short I TS fragments were used as probes on northern blots
of G. versiforme spore RNA and M. truncatula root RNA.

Northern blot analysis

Aliquots (10 pg) of total RNA from non-mycorrhizal and mycor-
rhizal roots were fractionated on agarose-formaldehyde gels
(Sambrook et al. 1989) and transferred to Gene Screen Plus mem-
branes (Gene Screen, Boston, Mass., USA). 18S rRNA fragments
from M. truncatula (329 bp) and G. versiforme (590 bp) were
labeled with 32P-dATP by random priming and used as probes.
Blots were hybridized overnight at 42°C in a solution containing
50% formamide, 6x SSC, 5x Denhardt's reagent, 0.5% SDS and
100 pg/ml denatured, fragmented salmon sperm DNA. The blots
probed with the 18S rRNA probes were washed twice in 2x SSC,
0.1% SDS for 20 min at 50°C, twice in 1x SSC, 0.1% SDS for
20 min at 60°C, and twice in 0.1x SSC for 20 min at 68°C. The
blots probed with the ITS probes were washed once in 2x SSC,
0.1% SDS for 20 min at 42°C, and once in 0.1x SSC, 0.1% SDS
for 20 min at 42°C.

Ribonuclease protection assay

Antisense transcripts were prepared in vitro from M. truncatula
(329 bp) and G. versiforme (590 bp) 18S rRNA clones in the
presence of 5 UM of 32P-UTP using a MAXIscript kit (Ambion,
Austin, Tex., USA). Using the Direct Protect Kit (Ambion), RPA
was performed on 1 pg of total RNA or by direct protection of



Fig. 1 A Physical map of

PCR fragments generated by
RT-PCR from Glomus
versiforme and Medicago
truncatula, showing the over-
lapping region used to con-
struct antisense RNA probes.
B Comparison of the

M. truncatula (324 bp), and

G. versiforme (590 bp) 18S
rRNA regions used as probesin
northern analysis and ribonu-
clease protection assays.
Double dots indicate identities.
C Comparison of the

M. truncatula and G. versi-
forme ITS regions used as
probes on northern blots.
Double dots indicate identities.
The underlined sequences
indicate the primers used to
amplify the Gv ITS probe.
Bold sequences indicate the
primers used to amplify the
Mt ITS probe
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fungal spores. Direct protection was achieved by preparing an ex-
tract of fungal material and using this to hybridize directly to the
probe without isolating RNA. The RPA was performed according
to the manufacturer's instructions, except that RNase digestion
was for 1 h at 37°C. The samples were resuspended by vigorous
vortexing in 10 W of non-denaturing RNA loading buffer, loaded
onto non-denaturing acrylamide gels and separated via el ectropho-
resis. The sizes of the protected bands were confirmed using dena-
turing (8 M urea) acrylamide gels (data not shown). The full-
length RNase protected bands (M. truncatula, 329 bp and G. versi-
forme, 590 bp) were quantified by Phosphorlmager analysis
(Image Quant Software, Phosphorlmager SF, Molecular Dynam-
ics, Sunnyvale, Calif., USA). Protected products smaller than the
probes result from cross-hybridization of the probe with tran-
scripts of similar sequence. These products were not quantified.
To compare relative levels of fungal and plant 18S rRNA, only
32P-UTP was used in the in vitro transcription reactions. An accu-
rate comparison can be made between the different probes by
comparison of their specific activities. Each reaction contained
2x106 cpm of probe. Differences in hybridization efficiencies be-
tween different size probes were minimized by incubating them
overnight (16 h) at 42°C with the Direct Protect extracts. In reac-
tions containing both probes, an excess of probe (2 ng each) was
used to avoid competition between the probes.

Normalization of sample values for RPA

Calculations were based on the results obtained by Phosphorlmager
analysis. To be able to compare plant and fungal rRNA, both 18S
rRNA probes were prepared by labeling them homogeneously with
32P-UTP. Each probe had a different specific activity because the
number of 32P-UTP molecules incorporated into each probe was
different. The M. truncatula 18S rRNA probe (329 bp) contained
87 32P-UTP molecules, while the G. versiforme 18S rRNA probe
(590 bp) contained 180 32P-UTPs. This means that the G. versi-
forme probe/18S rRNA hybrids had a DU (densitometric units ob-
tained by Phosphorlmager analysis) value 2.069-fold higher than
the M. truncatula probe/18S rRNA hybrids. This value was thus
used as a correction factor. For example, a G. versiforme probe/18S
rRNA hybrid band that gave a value of 100 DU in fact represented
only 48.3 DU (100 DU/2.069) and this value was compared with
the value from the M. truncatula probe/18S rRNA hybrid band. The
formula employed to calculate the relative value of M. truncatula
18SrRNA versus G. versiforme 18S rRNA isasfollows:

% of Gv 18SrRNA in asample
100 (Gv 18S rRNA D.U./2.069) )

Mt 18SrRNA D.U. + Gv 18SrRNA D.U./2.069

In our experiments, addition of both probes to the same sample or
to independent probes gave the same result. Assessment of specif-
ic fungal or plant gene expression could then be made relative to
the 18S rRNA from that species.

Results and discussion

Cloning of M. truncatula and G. versiforme 18SrRNAs

Utilizing the NS1/NS8 and NS1/NS21 primer pairs, 18S
rRNA sequences were amplified from M. truncatula and
G. versiforme cDNA prepared from root or spore RNA,
respectively. The amplified fragments were sequenced
and further cloned into pT7 vector (Fig. 1A, B). The
G. versiforme 18S rRNA sequence showed six mis-
matches with respect to the sequence of the gene previ-
ously described by Gehrig et a. (1996). Because the ge-

nome of a single AM fungus has been demonstrated to
contain multiple 18S rRNA sequences, it is likely that
mismatches are due to real differences between 18S
rRNA genes (Franken and Gianinazzi-Pearson 1996;
Lloyd-MacGilp et al. 1996; Sanders et al. 1995),
although they could also be changes introduced by PCR
(Ueda and Mikata 1997). As our sequence was obtained
by PCR and was the only sequence obtained, it is most
probable that this particular rRNA species represents
the most common rRNA species within our isolate of
G. versiforme.

Amplification of M. truncatula 18S rRNA produced
a 1.781-kb product (GenBank accession number
AF093507) which shares 97% identity with that of
Pisum sativum (Genbank accession number U43011),
confirming itsidentity as an 18S rRNA gene. A compari-
son of the overlapping regions of the M. truncatula and
G. versiforme 18S rRNA sequences revealed that they
are 90% identical (Fig. 1B).

The G. versiforme 18S rRNA probe cross-hybridizes
with M. truncatula 18S sequences on northern blots

Northern blots containing RNA from non-mycorrhizal
roots (M. truncatula) and mycorrhizal roots (M. trun-
catula/G. versiforme) from a time-course experiment
were hybridized under high stringency conditions with
the 18S rRNA probes from M. truncatula and G. versi-
forme, respectively (Fig. 2A). Both probes hybridized to
all samples of RNA. Thus, it is clear that the G. versi-
forme probe cross hybridizes to the M. truncatula 18S
rRNA sequence, even under high stringency conditions.
In contrast to a previous study, where 18S probes of sim-
ilar length to the ones described in this work were able to
differentiate tomato and Glomus intraradices transcripts
(David et a. 1998), these M. truncatula and G. versi-
forme 18S probes cannot be used to distinguish between
M. truncatula and G. versiforme 18S rRNA.

ITS probes can be used on northern blots
to distinguish between I TS sequences of M. truncatula
and G. versiforme

ITS probes have been used on northern blots to estimate
levels of fungal RNA in samples of ectomycorrhizal
RNA (Diaz et a. 1997). However, the fungal biomass is
considerably higher in ectomycorrhizas than in ar-
buscular mycorrhizas and it was not clear whether this
approach would be useful for estimates of the propor-
tions of plant and fungal transcripts in arbuscular mycor-
rhizas. To test this approach, ITS regions were first
amplified from genomic DNA from M. truncatula
and G. versiforme using ITSVITSA primers (White
et al. 1990). This resulted in fragments of 705 bp and
544 bp, respectively. The G. versiforme ITS sequence
(AF246141) shares 93% identity with an ITS sequence
from G. intraradices (AF185695) and the M. truncatula
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Fig. 2 A Northern blot analysis of RNA from roots of M. trun-
catula (Mt) and from M. truncatula colonized with G. versiforme
(Mt/Gv). Roots were mock inoculated (Mt) or inoculated with
G. versiforme (Mt/Gv) at day O and harvested at 8, 15, 22 and
29 days post-inoculation (dpi). The blots were hybridized with the
M. truncatula 18S rRNA (upper panel) and G. versiforme 18S
rRNA (lower panel) probes. Two blots were used and the presence
of RNA was verified by staining the gel with ethidium bromide.
B Northern blot analysis of RNA from roots of M. truncatula (Mt)
and G. versiforme spores (Gv). The blots were hybridized with the
M. truncatula ITS (upper panel) and G. versiforme ITS (lower
panel) probes. C Northern blot analysis of RNA from roots of
M. truncatula (Mt) and from M. truncatula colonized with
G. versiforme (Mt/Gv). Roots were mock inoculated (Mt) or in-
oculated with G. versiforme (Mt/Gv) at day 0 and harvested at 29
and 44 days post-inoculation (dpi). The blots were hybridized with
the M. truncatula ITS (upper panel) and G. versiforme ITS (lower
panel) probes

Table1l Colonization (% root length colonized) and relative
amounts (%) of fungal and plant RNA in samples of RNA from
mycorrhizal root samples as estimated by northern blot analysis

Days Colonization ~ Fungal RNA  Plant RNA
post-inoculation

29 30 29 97.1

44 61 5.4 94.6

ITS sequence (AF233339) shares 98% nucleotide
sequence identity with a M. sativa ITS sequence
(AF074399). The M. truncatula and G. versiforme ITS
sequences share 52% identity. Shorter gene-specific ITS
probes, generated from the larger ITS clones by PCR,
were used as probes on northern blots of G. versiforme
spore RNA and M. truncatula root RNA. The probes
were specific; the M. truncatula ITS probe hybridized to
RNA from M. truncatula root RNA but not to G. versi-
forme RNA from spores and vice versa (Fig. 2B).
Southern blot analysis confirmed these results when
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using the M. truncatula I TS probe (data not shown). The
probes were then used to estimate the relative quantities
of plant and fungal RNA in two samples of M. trun-
catula root RNA and mycorrhizal (M. truncatula/G.
versiforme) root RNA (Fig. 2C). Despite the presence of
high amounts of plant RNA in these RNA samples, the
G. versiforme 18S rRNA could be detected in the mycor-
rhizal samples but, as anticipated, the signal was consid-
erably weaker than the M. truncatula signal, even though
the probes had a similar specific activity. Densitometric
analysis of this northern blot revealed that the RNA
from mycorrhizal roots sampled at 29 and 44 days post-
inoculation contained 2.9% and 5.4% fungal RNA, re-
spectively (Table 1). The extent of colonization of these
root samples was estimated to be 30% and 61% root
length, respectively (Table 1). These results show that it
is possible to estimate the proportion of fungal RNA in a
mycorrhiza when the roots are relatively well colonized,
but not at the early stages of development of the mycor-
rhiza, when the amount of fungal biomass is low, or in
samples from mycorrhizal mutant interactions where the
fungal biomass may also be low (data not shown). In
order to develop more sensitive methods of estimating
the proportions of fungal and plant RNA in arbuscular
mycorrhizas, we assessed the use of 18S rRNA probesin
RPAs.

18S rRNA probes can be used in RPAs to distinguish
between 18S rRNA of plant and fungal origin
in mycorrhizal roots

RPAs enable the discrimination of closely related tran-
scripts, such as those arising from different members of
multi-gene families (Alonso-Prados et al. 1998), or
sequences that differ in their transcription initiation or
termination sites (Samartzidou and Widger 1998). In this
method, a radio-labeled RNA probe is hybridized with
an RNA sample and then subjected to digestion with a
cocktail of RNAases that cleave the mismatched hybrids.
Theoretically, the RNAases are able to identify single
mismatches between the RNA-RNA hybrids and, there-
fore, only hybrids which match exactly will remain in-
tact. The products are separated by gel electrophoresis
and the full-length protected fragment, representing the
transcript with an identical sequence to the probe, is
guantified via Phosphorimager analysis. Other labeled
bands, resulting from RNAse digestion of mismatched
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Fig. 3 A Ribonuclease protec- (A) B)
tion assays (RPA) with RNA Gv spore
from roots of M. truncatula Mt roots Mt/Gv roots
(Mt) and from M. truncatula (bp)
colonized with G. versiforme dpi 8 1522 29 44 8 15 22 29 44 P- P P
(Mt/Gv) using the M. trun- -600
catula 18S rRNA probe. The 2500
roots were mock inoculated 400
(Mt) or inoculated with 200
" I

G. versiforme (Mt/Gv) at day O
and harvested at 29 and

44 days post-inoculation (dpi)
(P probe without RNase,

P+ probe with RNase). B RPA
with RNA from G. versiforme
spores using the G. versiforme
18S rRNA probe alone (right
panel) or the M. truncatula 18S
rRNA probe alone (middle
panel) or both probes (left
panel). C RPA with RNA from
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hybrids, are usually visible on the gel. These bands are
smaller than the specific band and are not quantified and,
furthermore, do not interfere with quantification.

To utilize this strategy to distinguish M. truncatula
and G. versiforme 18S RNAs, we designed short
M. truncatula and G. versiforme probes suitable for
use in an RPA. The probes corresponded to partialy
overlapping regions so that the effects of possible differ-
ences in turnover rates could be minimized. We then
confirmed the specificity of each probe in the RPA.
The M. truncatula probe protected a fragment of the
expected size (329 bp) corresponding to the plant 18S
rRNA in samples of RNA from non-mycorrhizal roots
(M. truncatula) and mycorrhizal roots (M. truncatula/
G. versiforme) (Fig. 3A). This plant-specific band was
not seen in samples of RNA from G. versiforme spores
(Fig. 3B). The G. versiforme probe was slightly larger
and protected a fragment of the expected size (590 bp)

from samples of RNA from G. versiforme spores
(Fig. 3B) and from mycorrhizal (M. truncatula/G. versi-
forme) roots (Fig. 3C), but not from non-mycorrhizal
M. truncatula roots (Fig. 3C). When both plant and fun-
gal probes were used simultaneously in an RPA reaction,
RNA from non-mycorrhizal M. truncatula tissues pro-
duced only the plant-specific rRNA band (329 bp) while,
as expected, the mycorrhizal tissues showed the presence
of both the plant- and fungal-specific rRNA bands
(Fig. 3C). Thus, both probes were specific and did not
fully cross-protect rRNA from the other species. In addi-
tion, the protected products obtained with each probe
were different in size and easily distinguished.

In most of the assays, mismatched hybrids were aso
visible, even when an M. truncatula probe was used on
M. truncatula RNA aone or when the G. versiforme
probe was used on spore RNA. These products were
probably due to the presence of other rRNA genes that
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Table 2 Colonization (% root length colonized) and relative amounts (%) of fungal and plant RNA in samples of RNA from mycorrhi-
zal root samples as estimated by ribonuclease protection assay (ND not determined)

Days Colonization Plant and fungal probes added simultaneously ~ Plant and fungal probes added separately
post-inoculation
Fungal RNA Plant RNA Fungal RNA Plant RNA
8 12 ND ND 4 96

15 20 ND ND 2.6 97.4

22 57 6.7 93.3 7.2 92.8

29 71 11 89 10.9 89.1

44 72 1 89 11.9 88.1

correspond to different ribosomal DNA subunits in the
plant or fungal genome and which are not identical in se-
guence to the probe. Such products are expected for
genes that are members of multi-gene families (Alonso-
Prados et al. 1998).

Quantification of the relative levels of 18SrRNA
of plant and fungal origin in mycorrhizal roots

RPAs were performed either with both probesin asingle
reaction or with separate reactions for each probe (shown
in part in Figure 3B, C). RNA from mycorrhizal roots
sampled at 8, 15, 22, 29 and 44 days post-inoculation
contained 4, 2.6, 7.2, 10.9 and 11.9% fungal RNA, re-
spectively (Table 2). The extent of colonization of these
root samples was estimated to be approximately 12, 20,
57, 71 and 72% root length, respectively (van Buuren
et al. 1999). The results obtained by analysis of the RNA
in two separate reactions, one for each probe, agreed
with those obtained from a single reaction containing
both probes (Table 2). The inclusion of both probesin a
single reaction eliminates the possibility of manipulation
errors between different samples and is, therefore, the
method of choice.

In both northern blot analysis and RPA experiments,
an overal increase in the relative amount of fungal
RNA was observed as the fungus colonized the roots
(Tables 1, 2). However, even in RNA samples from
fairly highly colonized roots, the proportion of RNA from
the fungal symbiont was significantly lower than that of
the plant. This is likely the result of large differences in
plant and fungal biomass within the mycorrhiza. Previ-
ously, Toth et al. (1991) estimated that the fungal symbi-
ont comprised 4.3% of the total biomass of onion mycor-
rhizal roots. These roots showed 76% root length colo-
nized. Our estimates of the proportion of fungal and plant
RNA in our mycorrhizas are consistent with these data.

It is aso clear from these data (Tables 1, 2) that esti-
mates of the relative proportions of fungal and plant
RNA in different mycorrhizas cannot be predicted from
estimates of root length colonized. The reason for thisis
that the ratio of arbuscules, intra-radical hyphae, vesicles
and extra-radical hyphae varies between samples and
thisis not reflected in the overall estimates of root length
colonized. Consequently, we recommend that the propor-
tion of fungal and plant RNA be determined for each

new mycorrhizal RNA sample. It may be possible to pre-
dict the proportions of fungal and plant RNA from more
detailed estimates of root length colonized, particularly
if the intensity of arbuscules, vesicles, intra-radical and
extra-radical hyphae are estimated individually.

The proportions of plant and fungal RNASs estimated
via northern blot analyses are comparable to the data
from the RPA analysis, further supporting the validity of
the two methods. However, the RPA analysis shows
greater sensitivity. The RPA technique has allowed quan-
tification of G. intraradices phosphate transporter tran-
scripts in the external hyphae of M. truncatula/G. intra-
radices mycorrhizas. The amount of fungal material em-
ployed in these experiments was extremely low, usually
in the order of 1-5 mg of tissue (Madonado-Mendoza
and Harrison 1997).

In conclusion, these techniques enable direct estima-
tions of the amount of fungal relative to plant RNA in
RNA samples from arbuscular mycorrhizas. The inclu-
sion of these estimates in gene expression studies allows
evaluation of alterations in individual plant and fungal
transcript levels during development of the AM symbio-
sis. The 18S rRNA genes and ITS sequences are highly
conserved and it should be possible to design specific
probes for other combinations of plants and AM fungi
using the regions selected here as a guide.
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