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ABSTRACT: Even though the major benefit of arbuscular mycorrhizae is the increased uptake of
phosphate from the soil solution and translocation to the plant, changes in the activity of enzymes
involved in nitrogen (N) metabolism have been detected in mycorrhizal roots. Using differential display
of reverse-transcripts of tobacco roots not-inoculated or inoculated with Glomus intraradices (Gi),
we have cloned two partial cDNAs (NtGi2 and NtGi3). The presence of a conserved CobW/HypB/
UreG domain and phylogenetic analyses suggest that NtGi2 and NtGi3 encode isoforms of urease
accessory protein G (ureG) highly similar to ureG from fungi. The steady state levels of the putative
ureG transcripts were shown to be higher in roots colonized by Gi, as compared to non-mycorrhizal
controls. Urease activities were also determined in tobacco roots inoculated with Glomus clarum (Gc)
or Gi and grown in substrate containing 50, 100 or 150 mg N kg ' in the form of ammonium sulfate (N-
AMS) or urea (N-URE). Urease activities were shown to be induced in mycorrhizal roots fertilized with
100 mg N-AMS kg'. In Ge-colonized roots fertilized with N-URE, induction of urease activities was
observed at the lowest N concentration. In contrast, at the highest N-URE concentration, suppression
of urease activities was observed in Gc and Gi-colonized roots, as compared to non-mycorrhizal
controls. Urease activities in roots were modulated by soil N availability and source, and arbuscular
mycorrhizal fungal inoculation.
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CLONAGEM DE GENES ureG PUTATIVOS DE Glomus intraradices E
ATIVIDADES DE UREASE EM RAIZES MICORRIZICAS
ARBUSCULARES DE TABACO

RESUMO: Muito embora o maior beneficio de micorrizas arbusculares seja o incremento na absorgdo de
fosfato da soluc@o do solo e translocag@o para a planta, alteracdes nas atividades de enzimas envolvidas
no metabolismo de nitrogénio (N) t€m sido detectadas em raizes micorrizadas. Usando “differential
display of reverse-transcripts” de raizes de tabaco ndo-inoculadas ou inoculadas com Glomus intraradices
(Gi), dois cDNAs parciais (NtGi2 e NtGi3) foram clonados. A presenga de um dominio CobW/HypB/UreG
conservado e a analise filogenética sugerem que NtGi2 e NtGi3 codificam isoformas de proteinas
acessorias da urease G (ureG) altamente similares a ureG de fungos. Os niveis de transcritos dos genes
ureG putativos foram mais elevados em raizes colonizadas por Gi, em relagdo ao controle ndo-micorrizado.
As atividades de urease foram determinadas em raizes de tabaco inoculadas com Glomus clarum (Gc) ou
Gi e cultivadas em substrato contendo 50, 100 ou 150 mg N kg™', na forma de sulfato de aménio (N-AMS)
ou uréia (N-URE). As atividades de ureases foram induzidas em raizes micorrizadas cultivadas com 100
mg N-AMS kg™'. Em raizes colonizadas por Gc e cultivadas com N-URE, a indugio das atividades de
urease foi observada na concentra¢do mais baixa de N. Em contraste, na concentragdo mais elevada de
N-URE, supressdo das atividades de urease em raizes colonizadas por Gc e Gi, em relagdo aos controles
nao-micorrizados, foi observada. As atividades de urease nas raizes foram moduladas pela disponibilidade
e fonte de N no solo, e pela inoculagdo com fungos micorrizicos arbusculares.

Palavras-chave: Nicotiana tabacum, DDRT-PCR, micorriza arbuscular, uréia, sulfato de amonio,

nitrogénio
INTRODUCTION jor benefit of arbuscular mycorrhiza (AM) (Smith et
al., 1985; Azcon et al., 1992). Nevertheless, there is
Increased uptake of phosphate (P) from the evidence that arbuscular mycorrhizal fungi (AMF) may
soil solution and translocation to the plants is the ma- also increase the uptake of nitrogen (N) from the soil
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and translocation to the host plant (Ames et al., 1983;
Smith et al., 1985; Azcén et al., 1992; Cliquet &
Stewart, 1993; Bago et al., 1996; Johansen et al.,
1996). In addition, AMF have been strongly implicated
in N transfer between different plants interconnected
by the same mycelium (He et al., 2003).

The mechanisms controlling N transfer from
the fungus to the plant are not totally understood. Ac-
cording to the model proposed by Bago et al. (2001),
N is taken up by the AMF as NO,” or NH,". The as-
similated N is translocated along the coenocytic hy-
phae in vacuoles as arginine, and, in the intraradical
myecelia, arginine is hydrolized by arginase to urea. The
resulting urea is then hydrolyzed to NH, and CO,
through the activity of a fungal urease, and NH," is
transferred to the host plant. Corroborating this model,
it has been shown that arginine is transported intact
from the extraradical to the intraradical mycelium,
where it is broken down and the resulting NH," trans-
ferred to the plant (Govindarajulu et al., 2005). Fur-
thermore, the levels of expression of fungal genes
highly homologous to ornithine aminotransferase, ure-
ase accessory protein and an ammonium transporter
in the intraradical mycelium of G intraradices are
higher than in the extraradical mycelium (Govindarajulu
et al., 2005). These data suggest that fungal urease
activities are important for the completion of the N
translocation process between the symbionts in AM.
In plants and bacteria, the functionality of ureases is
dependent on the activity of urease accessory protein
G (UreG) (Polacco et al., 1999; Freyermuth et al.,
2000). However, whether ureG expression in AM is
related to urease activity is not known.

In this study, using differential display of re-
verse transcripts (DDRT)-PCR, two partial cDNAs
encoding proteins highly similar to ureG genes from
fungi, plant and bacteria have been cloned, and the ac-
tivity of urease in mycorrhizal roots evaluated under
different N sources and concentrations.

MATERIAL AND METHODS

Cloning and gene expression experiments

Plant material, inoculation and growth - Tobacco
(Nicotiana tabacum cv. Petit Havana) seedlings were
grown for six weeks in a sterilized mixture of sand
and vermiculite (2:1, v:v) and transplanted to pots con-
taining 3 kg of the same substrate. All pots received
60 mg of P as KH_PO,, 180 mg of K as KCl, 120 mg
of Ca as CaCl,, 60 mg of Mg as MgSO,.7H,O, 1 mL
Fe-EDTA solution and 1 mL of micronutrients solu-
tion (Sarruge, 1975). At transplanting, seedlings were
inoculated with soil containing a mixture of spores,

hyphae and roots of Brachiaria decumbens colonized
by Glomus intraradices Schenck & Smith. Soil con-
taining B. decumbens roots not colonized by AMF was
used for the inoculation of non-mycorrhizal control
treatments. To the growth substrate it was added 100
mg N kg™ substrate as ammonium sulfate (N-AMS).
Plants were grown under greenhouse conditions at 28°C,
and soil humidity was maintained at 70% of the maxi-
mum water holding capacity by addition of destiled wa-
ter. Plants were harvested eight weeks after transplant-
ing. Root subsamples were either fixed in FAA (3.7%
formaldehyde, 50% ethanol, 5% glacial acetic acid in
water) for evaluation of intraradical fungal colonization
or stored at —80°C for RNA extraction.

Intraradical fungal colonization - Root subsamples
fixed in FAA were stained with trypan-blue and the
intraradical fungal colonization was evaluated using the
intersection method in Petri dishes, under a stereo-
scopic microscope (Phillips & Hayman, 1970;
Giovannetti & Mosse, 1980). Intraradical fungal colo-
nization was determined as the percentage of root
length colonized by AMF.

Differential display of reverse transcripts-PCR -
Total RNA was isolated from tobacco roots colonized
by G intraradices (intraradical colonization rates of 45
+ 3%, average of ten replicates £ SEM) by the
phenol:sodium dodecyl sulfate (SDS) method as de-
scribed by Lambais & Mehdy (1993). Total RNA was
treated with RNAse free-DNAse I (Boehringer
Mannheim, Mannheim, Germany) in 20 mM Tris-HCl
(pH 8.4), 50 mM KClI, 20 mM MgCl, containing 0.4
U L' RNAse-inhibitor (Stratagene Inc., La Jolla, CA,
USA) for 90 min at 37°C. Two ng of DNAse I-treated
total RNA were used for first strand cDNA synthesis
with M-MuLV reverse transcriptase (Stratagene Inc.,
La Jolla, CA, USA) and AP2 (5’-T ,VG-3’) primer
(Liang & Pardee, 1992). The reaction was incubated
for 60 min at 37°C, and then at 95°C for five min. Am-
plification of the cDNA was performed using 1 nlL of
the reverse transcription reaction, in 1X PCR buffer
containing 2 mM MgCl,, 200 mM dNTPs, 0.5 U Taq
DNA polymerase and 0.2 mM of B03 (5’-
ACTTCGACAA-3’) primer. The cycling conditions
consisted of an initial denaturation at 94°C for one min,
35 cycles of denaturation at 94°C for one min, anneling
at 42°C for one min and extension at 72°C for two min,
and a final extension at 72°C for five min. Amplicons
were separated by electrophoresis on 2% agarose-TBE
gels, and banding pattern analysed by densitometry
using Personal Densitometer SI and the software
ImageQuant (GE Healthcare, Sao Paulo, Brazil), after
staining with ethidium bromide (Sambrook et al., 1989).
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Cloning and sequencing - Differentially displayed
cDNAs were eluted from agarose gels, ligated into
pCR-Script SK (+) vector (Stratagene, La Jolla, CA,
USA) and transformed into E. coli DHS competent cells.
Transformants were selected and recombinant plasmids
extracted by alkaline lysis from overnight grown liquid
cultures (Sambrook et al., 1989). Two cDNA inserts,
named NtGi2 and NtGi3, were sequenced using Big
Dye Terminator (Applied Biosystems, Foster City, CA,
USA) and either T3-forward or M13-reverse primers.
Deduced amino acid sequences of NtGi2 and NtGi3
were compared to sequences in public databases using
BLAST (Altschul et al., 1997).

Phylogenetic analyses - The deduced amino acid se-
quences (121 amino acid residues) of NtGi2, NtGi3
and the most similar sequences of fungi, plant and bac-
teria from public databases were aligned using
ClustalW of MEGA 4 (Tanura et al., 2007). Phyloge-
netic bootstrap consensus tree (1000 replicates) was
determined using the MEGA 4 (Tanura et al., 2007).

RNA Blot analyses - Total RNA (30 ng) from tobacco
mycorrhizal and non-mycorrhizal roots (eight weeks
after inoculation) was transferred to Hybond N mem-
branes (GE Healthcare, Sdo Paulo, Brazil). Clones NtGi2
and NtGi3 were labeled with digoxigenin-11-dUTP us-
ing the DIG DNA Labeling and Detection kit (Boehringer
Mannheim, Mannheim, Germany), according to the
manufacturer’s instructions. Membranes were pre-hy-
bridized for four h at 50°C in 5X SSC, 50 mM sodium
phosphate (pH 7.2), 50% formamide, 2% nonfat dried
milk, 7% SDS and 0.1% laurylsarcosyl. Hybridization
was performed overnight at 50°C in 5X SSC, 50 mM
sodium phosphate (pH 7.2), 50% formamide, 2% non-
fat dried milk, 7% SDS and 0.1% laurylsarcosyl con-
taining DIG-11-dUTP labelled cDNA probe. Membranes
were washed twice in 2X SSC, 0.1% SDS for five min
at room temperature and twice in 0.5X SSC, 0.1%
SDS for 15 min at 65°C. Detection was performed us-
ing anti-DIG alkaline phosphatase conjugate and
Lumigen-PPD, using the DIG DNA Labeling and De-
tection kit (Boehringer Mannheim, Mannheim, Germany),
according to the manufacturer’s instructions. Autorad-
iograms were analyzed by densitometry, using Personal
Densitometer SI and the software ImageQuant.

Enzyme activity experiments

Plant material, inoculation and growth - Tobacco
seedlings were grown as described above, except that
at transplanting seedlings were inoculated with soil
containing a mixture of spores, hyphae and roots of
Brachiaria decumbens colonized by Glomus clarum
Nicol. & Schenck or Glomus intraradices Schenck &

Smith. Additionally, to the growth substrate it was added
either 50, 100 or 150 mg N kg ' substrate as ammo-
nium sulfate (N-AMS) or urea (N-URE). Plants were
harvested eight weeks after transplanting, and shoots
were separated from the root systems, washed with dis-
tilled water and dried at 70°C to constant mass, in or-
der to determine the shoot dry matter (SDM). Root
subsamples were either washed with distilled water and
dried at 70°C to constant mass, in order to determine
root dry matter (RDM), or fixed in FAA (3.7% formal-
dehyde, 50% ethanol, 5% glacial acetic acid in water)
for evaluation of intraradical fungal colonization.

Nitrogen concentration in leaves - Dried leaves
were ground to a fine powder and N concentration
determined using the Kjeldhal method (Malavolta et al.,
1997).

Urease specific activities in roots - Root tissue was
ground to a fine powder in liquid nitrogen and homog-
enized in 100 mM phosphate buffer (pH 7.5), 1 mM
ethylenediaminetetraacetic acid (EDTA), 1 mM
phenylmethanesulfonyl fluoride, 0.5% poly-
vinylpolypyrrolidone. Homogenates were centrifuged
at 15,000 g for 20 min at 4°C (Lambais et al., 2003).
Protein concentration was determined using the
Bradford protein detection reagent (BioRad, Hercules,
CA, USA) and bovine serum albumin as standard, ac-
cording to the manufacturer’s instructions. Urease spe-
cific activity was determined using 500 nl of protein
extract in 500 L 0.1M Tris-malate buffer containing
1 mM EDTA (pH 7.0) and 50 mM urea, according to
Miksch et al. (1994). Samples were incubated for 60
min at 37°C, and the concentration of released NH, de-
termined spectrophotometrically using the Sigma-Am-
monium kit (Sigma Chemical Co., St. Louis, MO,
USA). Urease specific activities were expressed as
nmol NH; released h' mg"' protein.

Experimental design and data analyses - The first
experiment was performed using two treatments with
ten replicates per treatment. The second experiment
was performed using a factorial arrangement comprised
of three inoculation treatments, two N sources and
three N concentrations, with four replicates per treat-
ment. Analyses of variance (ANOVA) were performed
using SYSTAT 8.0 software (SPSS Inc., Chicago, IL,
USA). Means were compared using the Tukey’s test
(p <0.05).

RESULTS

Characterization of the NtGi2 and NtGi3 cDNA clones
Tobacco roots used for DDRT-PCR experi-
ments showed intraradical colonization rates by G
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intraradices of 45 + 3% (mean = SEM), whereas not-
inoculated controls showed no intraradical colonization.
Two cDNAs with preferential accumulation in myc-
orrhizal roots named NtGi2 (850 bp) and NtGi3 (800
bp) were isolated from DDRT gels for further analy-
ses (Figure 1A). Dot blot hybridization experiments,
using the NtGi2 cDNA clone as probe showed that the
expression of this gene was 3.1-fold higher in myc-
orrhizal roots than in non-mycorrhizal control roots
(Figure 1B). When the NtGi3 ¢cDNA was used as a
probe, no hybridization signal was detected with RNA
from non-mycorrhizal roots, under our experimental
conditions (Figure 1B).

The deduced amino acid sequences of the
NtGi2 and NtGi3 cDNA clones showed high levels of
similarity to the deduced amino acid sequences of pu-
tative ureG genes of fungi, plants and bacteria (Table
1). Both NtGi2 and NtGi3 clones harbor a conserved
CobW/HypB/UreG domain, with E-values of 1.2 10"
and 3.7 10", respectively (Figure 2). NtGi3 was
highly related to the G intraradices UAP clone de-
scribed by Govindarajulu et al. (2005). Based on the
phylogenetic analyses of the putative UreG proteins
from several organisms, NtGi2 and NtGi3 were shown
to be more related to fungal than to plant proteins (Fig-
ure 3). Inclusion of G intraradices UAP clone in the
phylogenetic analyses was not possible, since the se-
quence available showed only a partial overlap (59 de-
duced amino acid residues) with NtGi3 and no over-
lap with NtGi2 sequences.

Enzyme activity experiments

Plant biomass - Regardless of the N source and con-
centration, differences between the SDM of mycor-

rhizal and non-mycorrhizal plants were not observed
(Tukey’s test, p > 0.05; Figure 4), indicating that the
presence of G clarum or G intraradices did not af-
fect shoot biomass production. However, non-mycor-
rhizal plants cultivated with the highest concentration

A

bp M Ni Gi

114

900 1

692 == < NtGi3
B Ni Gi

Figure 1 - Differential expression of putative urease accessory
protein G genes in tobacco roots not-inoculated (Ni)
or inoculated with Glomus intraradices (Gi). A,
Differential display of reverse transcripts. The arrows
indicate transcripts with preferential accumulation in
mycorrhizal roots as compared to the non-
mycorrhizal controls. NtGi2 and NtGi3 represent the
respective cDNA clones. B, Steady state levels of
NtGi2 and NtGi3 transcripts. NtGi2 or NtGi3
cDNAs were used as hybridization probes on equal
amounts of total root RNA.

Table 1 - Similarities between the deduced amino acid sequences of NtGi2 and NtGi3 and those of selected fungal, plant and

bacterial putative ureG genes.

) ) NtGi2 NtGi3
Accession Organism - — . o
E-value % Identity % Similarity E-value % Identity % Similarity
AAW41177 Cryptococcus neoformans 510 75 86 4107 78 89
CAB91432 Neurospora crassa 410 75 85 1107 77 87
XP 755621 Aspergillus fumigatus 110 70 80 9 107 76 86
AAWG69327 Magnaporthea grisea 510 70 78 2107 77 84
NP 1800994 Arabidopsis thaliana 3 10°%° 71 82 8 107 75 86
AAD44338 Glycine max 3104 71 80 2 107 75 85
CAC33000 Solanum tuberosum 1104 70 81 4107 74 86
AAT77406 Oryza sativa 1102 68 81 6 107 74 86
ZP 00107996  Nostoc punctiforme 4103 59 79 310 66 78
ABA24233 Anabaena variabilis 7 10-% 61 77 310% 68 80
AAZ32981 1; seudomonas syringae p¥. 3 192 64 80 510 66 81
ZP 01109669  Alteromonas macleodii 4103 59 77 1103 64 80
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Figure 2 - Alignment of the CobW/HypB/UreG conserved domain of putative urease accessory protein G from several organisms.
Accession numbers are: NtGi2 (DQ499469), NtGi3 (DQ499470), C. neoformans (AAW41177), N. crassa (CAB91432), A.
Sfumigatus (XP755621), M. grisea (AAW69327), A. thaliana (NP180994), S. tuberosum (CAC33000), O. sativa japonica
group (AAT77406), G. max (AAD44338), P. syringae pv. phaseolicola (AAZ32981), A. macleodii (ZP01109669), N.
punctiforme (ZP00107996), A. variabilis (ABA24233). The conserved domain is highlighted in yellow.
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Figure 3 - Phylogenetic relationships between putative urease
accessory protein G (UreG) of selected organisms
based on the deduced amino acid sequences of their
genes. Bootstrap values (n = 1,000 replicates) 3 40%
are reported as percentages at the respective node.
Scale bar represents number of changes per amino
acid position.

of N-AMS produced 26% less shoot biomass than
plants cultivated with the same concentration of N-
URE (p < 0.05; Figure 4). Higher SDM was observed
in the treatments with higher N concentrations, re-
gardless of the N source, as compared to the controls
with 50 mg N kg substrate (Tukey’s test, p > 0.05;
Figure 4).

RDM did not differ in plants inoculated with
G clarum or G intraradices, as compared to non-my-
corrhizal controls (Tukey’s test, p > 0.05; Figure 4).
Increases in RDM were observed in plants grown with
100 and 150 mg N-AMS or N-URE per kg of sub-
strate, as compared to plants grown with 50 mg N-
AMS or N-URE per kg of substrate (Tukey’s test,
p < 0.05). In general, mycorrhizal plants cultivated
with 100 mg N-AMS per kg of substrate produced
less root biomass than plants cultivated with 100 mg
N-URE per kg of substrate (Tukey’s test, p < 0.05).

Intraradical fungal colonization - Intraradical fun-
gal colonization was higher in plants inoculated with
G. clarum, as compared to plants inoculated with G
intraradices (Table 2), and was affected by the inter-
action of the factors “N concentration” and “Inocula-
tion treatment” (F test, p < 0.05). The percentage of
the root length showing intraradical colonization by G
clarum in plants cultivated with 150 mg N kg sub-
strate was approximately 2-fold higher than in plants
cultivated with 50 mg N kg substrate, independent
of the N source. The intraradical colonization by G
intraradices was not affected by N concentration, re-
gardless of the N source used (Tukey’s test, p > 0.05).

The intraradical colonization by G clarum was
higher in plants cultivated with 150 mg N kg ', as com-
pared to plants cultivated with 50 mg N kg ' substrate,
independent of the N source (Tukey’s test, p < 0.05).
The intraradical colonization by G. intraradices was not
affected by N concentration, in plants cultivated with
N-AMS or N-URE (F test, p > 0.05; Table 2). The
intraradical colonization by G clarum, but not by G
intraradices, was positively correlated with urease spe-
cific activities in roots (Pearson, p < 0.05).

Nitrogen concentration in leaves - Nitrogen concen-
trations in leaves were higher in plants grown under
high N concentration, as compared to low N concen-
tration (Tukey’s test, p < 0.05; Table 3). Regardless
of the N source used, the differences between N con-
centrations in the leaves of G intraradices and G
clarum colonized plants, and non-mycorrhizal controls
were not significant (F test, p < 0.05).

Urease specific activities in roots - Urease specific
activities in roots were affected by the interaction be-
tween the factors “Inoculation treatment”, “N source”
and “N concentration” (F test, p < 0.05; Figure 5).
Differences in urease specific activities in the roots of
mycorrhizal plants cultivated with N-AMS, as com-
pared to non-mycorrhizal controls, were observed only
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at 100 mg N-AMS kg ' substrate (Tukey’s test’s test,
p < 0.05). In plants cultivated with 100 mg N-AMS
kg ' substrate, an increase in urease specific activities,
approximately 1.5 and 1.9-fold, in roots colonized by
G. clarum and G. intraradices, as compared to the non-
mycorrhizal control, was observed (Figure 5A).

Table 2 - Intraradical mycorrhizal colonization in Nicotiana
tabacum cultivated with different concentrations
of N, supplied either as urea (URE) or ammonium

sulfate (AMS).

N source N concentration G. clarum G. intraradices
mg kg! e L/ —

50 29.0 Ba 6.1 Ab

URE 100 42.3 ABa 4.8 Aab

150 66.8 Aa 10.0 Ab

50 38.7 Ba 21.8 Ab

AMS 100 56.6 ABa 23.5 Ab

150 79.5 Aa 6.3 Ab

The data are the means of four replicates. Means followed by
the same letter do not differ (Tukey’s test, p < 0.05). Capital
letters are used to compare the means within the columns, and N
source. Small letters are used to compare means within rows,
and N source and concentrations.

A

Plants cultivated with 50 mg N-URE kg ' sub-
strate and colonized by G. clarum showed a signifi-
cant increase (3-fold) in urease specific activities in
roots, as compared to the non-mycorrhizal control (p
< 0.05; Figure 5B). In roots colonized by G
intraradices and cultivated with 50 and 100 mg N-URE
kg ' substrate, changes in urease specific activities
were not observed, when compared to the non-myc-
orrhizal controls. In plants cultivated with 150 mg N-
URE kg' substrate, urease specific activities in roots
colonized by G. clarum or G. intraradices were ap-
proximately 3-fold lower than in roots of non-mycor-
rhizal controls (p < 0.05). In non-mycorrhizal roots,
urease specific activities were higher in plants culti-
vated with 100 and 150 mg N-URE kg ' substrate, as
compared to plants cultivated with 50 mg N-URE kg
substrate.

Using Pearson’s correlation analyses,
a highly significant correlation (p = 0.018) between
urease specific activities in mycorrhizal roots
and total N in leaves were observed for plants cul-
tivated with N-URE, independent of the N concen-
tration (data not shown). For plants cultivated
with N-AMS such correlation was not significant
(» > 0.05).

Root Drv Matter (a)

100 150

Figure 4 - Shoot (A, B) and root (C, D) dry matter of mycorrhizal and non-mycorrhizal Nicotiana tabacum cultivated with ammonium
sulfate (A, C) or urea (B, D) at different concentrations. The data are the means of four replicates = SE. Ni, not-inoculated; Gc,
inoculated with Glomus clarum; Gi, inoculated with Glomus intraradices. Means of SDM or RDM followed by the same
letter do not differ (Tukey’s test, p < 0.05). Capital letters are used to compare the means of the inoculation treatments, within
N source and concentration. Small letters are used to compare the means of the N source, within N concentration and

inoculation treatment.
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Table 3 - Concentration of N in leaves of Nicotiana tabacum not-inoculated (Ni) or inoculated with G: clarum (Gc) or G.
intraradices (Gi), and cultivated with different N concentrations, applied as urea (URE) or ammonium sulfate

(AMS).
N source N concentration . Inoculation treatment .
Ni Gce Gi
mg kg! s g KE e
50 10.2 £ 1.3 Ab 9.0 £ 0.6 Ab 9.1 £ 1.2 Ab
URE 100 9.6 £ 0.7 Ab 10.7 £ 0.6 Ab 11.4 £ 0.6 Ab
150 14.7 £ 1.4 Aa 14.3 £ 0.7 Aa 13.6 £ 0.5 Aa
50 9.0+ 1.1 Ab 9.7+ 1.1 Ab 9.6 £ 0.3 Ab
AMS 100 9.9 + 0.6 Ab 10.1 £ 1.0 Ab 9.8+ 0.2 Ab
150 149 £ 1.5 Aa 142 £ 1.1 Aa 11.8 £ 0.9 Aa

The data are the means of four replicates + SEM. Means followed by the same letter do not differ (Tukey’s test, p < 0.05). Capital letters
are used to compare the means within the rows, N source and concentration. Small letters are used to compare means within columns,

N source and inoculation treatments.

A N N

2272 Go
4 - N G

nmol NH, released h™' mg' protein

50 100

150

Figure 5 - Urease specific activities in mycorrhizal and non-
mycorrhizal roots of Nicotiana tabacum cultivated
with ammonium sulfate (A) or urea (B) at different
concentrations. The data are the means of four
replicates + SE. Ni, not-inoculated; Ge, inoculated
with Gomus clarum; Gi, inoculated with Glomus
intraradices. Letters are used to compare the means
of the inoculation treatments, within N sources and
concentrations. Means with the same letter do not
differ (Tukey’s test, p < 0.05).

DISCUSSION

Using DDRT-PCR, we have identified two par-
tial cDNA clones whose deduced amino acids se-
quences were highly similar to UreG proteins from

several organisms. The NtGi3 clone characterized in
this work showed a high level of similarity to the ure-
ase accessory protein (UAP) gene of G intraradices
spores described by Govindarajulu et al. (2005), at the
amino acid level. However, due to the small overlap
between the deduced amino acid sequences (59 resi-
dues at the N-terminal end), no further comparisons
could be made. The presence of a conserved CobW/
HypB/UreG domain in NtGi2 and NtGi3 suggests that
they encode UreG proteins. Phylogenetic analyses
based on the deduced amino acid sequences of ureG
genes showed that NtGi2 and NtGi3 are more related
to fungal UreG proteins. Thus, our data strongly sug-
gest that both clones encode isoforms of G
intraradices UreG proteins. Total RNA dot blot hybrid-
ization experiments using either NtGi2 or NtGi3 cDNA
clones as probes showed that ureG genes are expressed
in tobacco mycorrhizal roots, and that NtGi2 might
share high similarity to a tobacco ureG gene, since hy-
bridization signals were detected in both mycorrhizal
and non-mycorrhizal roots. UreG is a chaperone re-
sponsible for nickel insertion in the active site of ure-
ases and essential for the functionality of these enzymes
(Polacco et al., 1999). Soybean mutants defective in
ureG are not able to synthesize functional ureases
(Freyermuth et al., 2000). Furthermore, site directed
mutagenesis in the conserved CobW/HypB/UreG do-
main of Helicobacter pylori ureG gene (Lysl4 to
Alal4) showed that this domain is essential for enzyme
activity (Mehta et al., 2003).

In some pathogenic microorganisms, such as
H. pylori and Cryptococcus neoformans, the activities
of ureases are associated with their virulence and are
essential for the infection of host tissues (Cox et al.,
2000; McGee et al., 1999). Similarly, in mycorrhizal
roots it is possible that ureases may be associated with
fungal infectivity. In this work, a positive correlation
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between urease specific activities in roots and
intraradical fungal colonization by the most infective
fungus (Gc) was observed. However, whether urease
activities are associated with the infectivity of the fun-
gus or with the fungal biomass in the roots remains
to be determined. Alternatively, urease might be in-
volved in the degradation of arginine and N transfer
from the intraradical mycelium to the plant.

To determine whether urease activities in to-
bacco roots were modulated in mycorrhizal roots, to-
bacco plants were inoculated with either G clarum or
G. intraradices and grown under different N sources
and concentrations. In plants cultivated with 100 mg
of N-AMS kg ' substrate and inoculated with either G
clarum or G. intraradices, urease specific activities
were induced, whereas at 50 or 150 mg N-AMS kg’
substrate no effects of the inoculation were observed.
Conversely, Cruz et al. (2007) observed that urease
activities were higher in carrot roots colonized by G
intraradices grown in media containing either 0.1 or
5 mM ammonium sulfate, as compared to controls
without N. These data indicate that urease activities
are modulated by AMF inoculation and N concentra-
tion in the growth substrate.

Additionally, urease specific activities in myc-
orrhizal roots were modulated by the N source in the
growth substrate. Under our experimental conditions,
urease specific activities were induced only in roots
colonized by G clarum at the lowest N-URE concen-
tration. At the highest concentration of N-URE, in con-
trast, a suppression of urease specific activities was
observed in roots colonized by G. clarum or G
intraradices, as compared to the non-mycorrhizal con-
trols. These data indicate that the N source can also
modulate urease activities in AM. However, whether
there is a mechanistic relationship between urease ac-
tivities in roots and symbioses development and/or
effectiveness in translocating N to the plant is not
known.

The intraradical colonization by G. clarum was
higher than by G intraradices, and was stimulated by
higher N concentrations in the growth substrate, in-
dependent of the N source used for fertilization. In
roots of Anthylis vulneraria transformed with the Ri-
plasmid of Agrobacterium rhizogenes, root coloniza-
tion by Glomus etunicatum was also stimulated at high
N concentrations, when plants were grown at low P
conditions (Bressan, 2001). These data suggest that
N is an important determinant of intraradical fungal
colonization.

Furthermore, the model proposed by Bago et
al. (2001) and Govindarajulu et al. (2005) suggests that
fungal ureases in AM are important for N transloca-
tion from the fungus to the plant. Their model pre-

dicts that the N taken up by the fungus is transported
through the mycelium as arginine, which is degraded
to urea and the latter to ammonium by fungal ureases.
Thus, higher urease activity in mycorrhizal roots would
result in higher assimilation of N by the host plant and
more likely higher amounts of N in leaves. In our
study, total urease specific activities (fungal and plant)
in mycorrhizal roots were only positively correlated
with the total amount of N in leaves of plants culti-
vated with N-URE, suggesting that ureases may have
an additional role in roots other than N acquisition by
the plant. Alternatively, N transferred to the plant via
hypha is only partially translocated to the shoots, or
the contribution of the N translocated from the fun-
gus to the plant for the total amount of N in the shoots
of tobacco may not be significant regardless of the N
source.

In summary, we have cloned two putative
ureG genes from G intraradices whose transcripts
were more abundant in mycorrhizal than in non-myc-
orrhizal roots. We also showed that the activities of
ureases in tobacco roots are modulated by AMF in-
oculation, N source and concentration.
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