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Community of arbuscular mycorrhizal fungi in drought-resistant plants, 
Moringa spp., in semiarid regions in Madagascar and Uganda

They were originally distributed in semiarid tropical and 
subtropical areas along the Indian Ocean from India to 
southern Africa, including Madagascar. Moringa spp., 
13 species in total, are divided into three life forms, i.e., 
bottle trees, slender trees, and tuberous shrubs (Olson and 
Carlquist 2001). Their drought resistance is attributed to 
having water-storing organs, i.e., the bloated trunks of 
bottle trees and tubers in the slender trees and shrubs.

The slender tree species M. oleifera Lam. is a fast-growing 
tree and can grow to 6–7 m in 1 year even in areas with less 
than 400 mm annual precipitation (Odee 1988). This plant 
has many valuable properties because of the high content 
of protein in the leaves and of oil in the seeds (Makkar and 
Becker 1997). It is also known that ground seeds can be 
used as a coagulant for water purifi cation (Jahn 1988). 
Recently, this tree has been planted in semiarid tropical 
areas for multipurpose use, e.g., foods, supplements, edible 
oil, and forage.

It is well known that most terrestrial plants have symbio-
ses with mycorrhizal fungi. Colonization of arbuscular 
mycorrhizal (AM) fungi has been reported in Moringa spp. 
(Panwar and Vyas 2002; Muthukumar et al. 2006). The AM 
fungal association contributes to soil nutrient uptake and 
disease resistance of host plants and stabilization of sand 
(Smith and Read 1997). Many experimental studies also 
showed that AM fungi improved the drought tolerance of 
host plants (Nelson and Safi r 1982; Busse and Ellis 1985; 
Davies et al. 1993; Subramanian et al. 1997).

AM fungi have a broad host range under laboratory 
conditions. It has also been shown that the growth of plants 
could differ depending on the strains or composition of AM 
fungi (van der Heijden et al. 1998; Moora et al. 2004; 
Munkvold et al. 2004). The community structure of AM 
fungi would, therefore, affect the growth of plants in natural 
environments.

To analyze communities of AM fungi in roots, molecular 
methods have recently been applied in which DNA 
sequences of nuclear small subunit ribosomal RNA gene 
(nSSU rDNA), rDNA internal transcribed spacer (rDNA 
ITS), and nuclear large subunit ribosomal RNA gene (nLSU 
rDNA) have been examined (Öpik et al. 2006). Among 
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Abstract The community structure of arbuscular mycor-
rhizal (AM) fungi in the roots of drought-resistant trees, 
Moringa spp., was examined in semiarid regions in Mada-
gascar and Uganda. Root samples were collected from 8 
individuals of M. hildebrandtii and 2 individuals of M. drou-
hardii in Madagascar and from 21 individuals of M. oleifera 
in Uganda. Total DNA was extracted from the root samples, 
and partial nSSU rDNA of AM fungi was amplifi ed using 
a universal eukaryotic primer NS31 and an AM fungal-
specifi c primer AM1. The PCR products were cloned and 
divided by restriction fragment length polymorphism 
(RFLP) analysis with HinfI and RsaI. Some representatives 
in each RFLP types were sequenced, and a neighbor-joining 
phylogenetic analysis was conducted for the obtained 
sequences with analogous sequences of AM fungi. The 
RFLP and phylogenetic analyses showed that AM fungi 
closely related to Glomus intraradices or G. sinuosum were 
detected in many samples. The AM fungal groups fre-
quently detected in the Moringa spp. might be widely dis-
tributed species in semiarid environments.

Key words Arbuscular mycorrhizal fungi · Glomus intrara-
dices · Moringa drouhardii · Moringa hildebrandtii · Moringa 
oleifera

Introduction

Moringa spp. comprise a single genus in a small family 
Moringaceae and are known to be drought-resistant trees. 
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them, a part of nSSU rDNA amplifi ed by primer pairs, a 
universal eukaryotic primer NS31 (Simon et al. 1992), and 
an AM fungal-specifi c primer AM1 (Helgason et al. 1998), 
were the most utilized (Helgason et al. 1999; Daniell et al. 
2001; Husband et al. 2002; Vandenkoornhuyse et al. 2002; 
Öpik et al. 2003; Oba et al. 2004; Douhan et al. 2005; Yamato 
and Iwase 2005; Yamato et al. 2008).

Because Moringa spp. are fast-growing and drought-
resistant tree species in a semiarid environment, the sym-
bioses with AM fungi would be important for their growth. 
In the present study, we examined the community of AM 
fungi colonizing in roots of Moringa spp. in semiarid regions 
in Madagascar and Uganda by the molecular identifi cation 
method using primers NS31 and AM1.

Materials and methods

Sampling.

The samplings were conducted in the middle of December 
2005 in Madagascar and in the middle of January 2006 in 
Uganda. The examined trees are listed with sampling sites 
in Table 1. In Madagascar, eight trees of M. hildebrandtii 
Engler and two trees of M. drouhardii Jumelle were exam-

ined. The M. hildebrandtii trees examined were planted in 
villages, whereas the M. drouhardii trees were wild ones. 
They are bottle trees with fat trunks, and the biggest speci-
men of M. hildebrandtii was 249 cm in diameter at breast 
height (DBH). In Uganda, 21 trees of M. oleifera were 
examined. They were all planted for multipurpose use such 
as foods, edible oil, and forage. The annual precipitations 
of the sampling sites are 475–724 mm in Madagascar and 
975–1474 mm in Uganda, according to the Food and Agri-
culture Organization (FAO) country profi les and mapping 
information system (http://www.fao.org/countryprofi les).

For each tree, three soil cores containing roots (50 cm × 
50 cm × 20 cm deep) were randomly sampled at 50 cm apart 
from the tree base. The soil cores collected from a single 
tree were put together into a plastic bag and well mixed. 
The roots of Moringa spp., which were easily recognized by 
their special smell, were isolated and washed thoroughly on 
a 500-μm stainless sieve with tap water, and then fi xed and 
preserved in 50% ethanol.

Soil analysis

Soil water content, soil pH (H2O), and amount of available 
phosphate (Truog-P) (Truog 1930) were analyzed for each 
soil sample.

Table 1. Location and profi le of Moringa (M.) trees examined in this study

Tree no. Sampling date 
(d/m/y)

Location Latitude Longitude Altitude 
(m)

Species Tree height 
(m)

DBH 
(cm)

Madagascar
 M1 18/12/2005 Andranomena S20 11 10.9 E44 25 30.6 22 M. hildebrandtii 6.7 58.0
 M2 18/12/2005 Morondava S20 17 47.6 E44 18 09.1 4 M. hildebrandtii 15.7 249.0
 M3 18/12/2005 Antandrokosy S20 18 53.6 E44 23 26.1 23 M. hildebrandtii 11.4 125.2
 M4 19/12/2005 Saint Augastin S23 33 11.9 E43 45 49.0 12 M. hildebrandtii 6.1 75.5
 M5 20/12/2005 Sakaraha S22 54 33.7 E44 31 45.0 472 M. hildebrandtii 11.1 62.7
 M6 20/12/2005 Andranolava S22 37 45.7 E44 41 34.9 612 M. hildebrandtii 12.7 93.9
 M7 20/12/2005 Andranolava S22 36 49.2 E44 40 45.7 586 M. hildebrandtii 12.8 108.6
 M8 21/12/2005 Saint Augastin S23 31 11.6 E43 45 08.4 15 M. drouhardii 6.6 93.6
 M9 21/12/2005 Saint Augastin S23 31 11.3 E43 45 07.2 12 M. drouhardii 5.6 91.4
 M10 21/12/2005 Saint Augastin S23 27 59.7 E43 45 57.2 15 M. hildebrandtii 6.7 41.1

Uganda
 U1 12/01/2006 Wakiso N0 23 54.6 E32 29 21.8 1168 M. oleifera 7.0 8.5
 U2 12/01/2006 Mukono N0 20 21.5 E32 43 13.9 1213 M. oleifera 4.5 7.0
 U3 12/01/2006 Mukono N0 20 21.5 E32 43 13.9 1213 M. oleifera 5.7 9.2
 U4 13/01/2006 Masaka S0 10 23.8 E31 45 13.6 1230 M. oleifera 4.3 6.0
 U5 13/01/2006 Masaka S0 10 23.8 E31 45 13.6 1230 M. oleifera 5.9 10.4
 U6 14/01/2006 Tororo N0 41 16.2 E34 06 36.2 1164 M. oleifera 4.8 13.3
 U7 14/01/2006 Tororo N0 41 16.2 E34 06 36.2 1164 M. oleifera 4.8 14.6
 U8 14/01/2006 Tororo N0 41 16.2 E34 06 36.2 1164 M. oleifera 5.0 12.3
 U9 14/01/2006 Tororo N0 40 39.1 E34 09 12.8 1152 M. oleifera 5.1 10.1
 U10 14/01/2006 Tororo N0 40 39.1 E34 09 12.8 1152 M. oleifera 5.0 14.3
 U11 14/01/2006 Tororo N0 39 31.9 E34 08 54.4 1203 M. oleifera 6.3 12.9
 U12 15/01/2006 Jinja N0 25 43.0 E33 09 36.5 1213 M. oleifera 5.0 11.6
 U13 16/01/2006 Kajansi N0 09 01.7 E32 32 46.5 1176 M. oleifera 4.0 7.5
 U14 17/01/2006 Mukono N0 27 10.9 E32 45 39.6 1189 M. oleifera 8.9 27.4
 U15 17/01/2006 Matuga N0 27 21.7 E32 32 34.0 1210 M. oleifera 5.1 12.1
 U16 18/01/2006 Nakasongola N1 18 54.9 E32 27 58.7 1088 M. oleifera 3.8 16.2
 U17 18/01/2006 Nakasongola N1 18 48.4 E32 27 24.0 1108 M. oleifera 5.3 10.9
 U18 19/01/2006 Mpigi N0 13 35.0 E32 19 14.0 1234 M. oleifera 6.0 13.2
 U19 19/01/2006 Mpigi N0 13 35.0 E32 19 14.0 1234 M. oleifera 6.5 18.5
 U20 19/01/2006 Mpigi N0 14 12.5 E32 19 07.3 1270 M. oleifera 5.9 16.4
 U21 19/01/2006 Mpigi N0 14 12.5 E32 19 07.3 1270 M. oleifera 6.5 17.3

DBH, diameter at breast height
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Molecular phylogenetic analysis

Fine roots, about 300 mg in fresh weight, were randomly 
selected from each root sample, and DNA was extracted 
using a modifi ed cetyltrimethylammonium bromide CTAB 
method (Weising et al. 1995). After an additional purifi ca-
tion using Mag Extractor–Plant Genome (Toyobo, Tokyo, 
Japan), the DNA was dissolved in 50 μl TE buffer. Partial 
fungal nSSU rDNA (∼550 bp) was amplifi ed by polymerase 
chain reaction (PCR) from the extracted DNA using Takara 
Ex Taq Hot Start Version (Takara Bio, Otsu, Japan) with 
primers NS31 and AM1. The reaction mixture for PCR 
contained 5 μl extracted DNA solution, 0.75 units Taq poly-
merase, 0.25 μM each primer, 200 μM each dNTP, and 3 μl 
supplied PCR buffer in 30 μl of the total amount. The PCR 
was performed on a TaKaRa PCR Thermal Cycler 480 
(Takara Bio) as follows: initial denaturation step at 94°C 
for 2 min, following a step of 30 cycles at 94°C for 20 s, 58°C 
for 30 s, and 72°C for 45 s, then the fi nal elongation step at 
72°C for 5 min. The PCR products were cloned using a 
pT7Blue Perfectly Blunt Cloning Kit (Novagen, Madison, 
WI, USA) according to the manufacturer’s instruction. For 
each root sample, 18 clones were randomly selected, and 
PCR was performed using the same primer set, NS31 and 
AM1. Aliquots of each of the PCR products were digested 
with HinfI or RsaI (Toyobo), and restriction fragment 
length polymorphism (RFLP) types were determined using 
microchip electrophoresis system SV1210 (Hitachi Elec-
tronics Engineering, Tokyo, Japan). Plasmid DNA was 
extracted from several samples in each RFLP type using 
MagExtractor-Plasmid (Toyobo) according to the manufac-
ture’s instructions, and DNA inserts were sequenced using 
a DYEnamic ET dye terminator kit (Amersham Biosci-
ences, Piscataway, NJ, USA) with sequencing primers M13-
47 and RV-M. A capillary sequencer MegaBACE1000 
(Amersham Biosciences) was used for the sequencing. For 
each sequence, analogous data were obtained from the 
DDBJ/EMBL/GenBank database, and multiple sequence 
alignment and neighbor-joining (NJ) phylogenetic analysis 
(Saitou and Nei 1987) were carried out using CLUSTAL W 
version 1.83 (Thompson et al. 1994). The alignment was 
deposited in TreeBASE (http://www.treebase.org/) under 
the accession number of S2253. For the NJ analysis, evolu-
tionary distances were estimated using Kimura’s two-
parameter model (Kimura 1980), and bootstrap analysis 
(Felsenstein 1985) was performed with 1000 replications. 
The phylogenetic tree was drawn using Treeview (Page 
1996).

Results

Soil analysis

The physical and chemical properties of the examined soil 
samples are shown in Table 2. Many soil samples were wet 
because the sampling was carried out in the rainy season. 
However, some samples in Madagascar and the eastern part 

of Uganda showed rather low water content, less than 5%. 
Some soil samples in Madagascar were calcareous with rela-
tively higher pH values, more than 8. The available phos-
phate (Truog-P) in the examined soil samples varied greatly, 
from 8.1 to 1328.1 mg P kg−1 soil. Excrement of livestock 
would have affected this high phosphate level.

Molecular phylogenetic analysis

PCR products of about 550 bp were obtained from 31 root 
samples, 10 from M. hildebrandtii and M. drouhardii in 
Madagascar, and 21 from M. oleifera in Uganda. In total, 
450 clones were obtained, which were divided into 14 RFLP 
types. In total, 70 clones were sequenced, and the obtained 
data were phylogenetically analyzed (Fig. 1). The AM fungi 
in the clades A, B, C, and D included several RFLP types, 
respectively. Clade A (A1, A2, A3) and clade B (B1, B2) 
were detected in many examined samples (Table 3). Actu-
ally, AM fungi in clade A and clade B were detected in 27 
and 23 root samples, respectively, in the 31 samples 
examined.

The phylogenetic analysis of AM fungi (see Fig. 1) 
showed that the clade A fungi were closely related to 
Glomus intraradices N.C. Schenck & G.S. Sm., and the 

Table 2. Properties of soil samples collected with roots of Moringa 
spp.

Tree no. Water content 
(%)

pH 
(H2O)

Available 
phosphate 
(mg P kg−1)

Madagascar
 M1 4.0 7.6 22.1
 M2 5.9 8.5 402.0
 M3 11.1 6.8 108.5
 M4 6.6 8.2 130.8
 M5 8.9 7.0 34.2
 M6 8.7 7.6 74.4
 M7 9.0 8.1 383.6
 M8 7.0 8.2 42.2
 M9 8.1 8.0 128.4
 M10 8.2 8.3 10.0

Uganda
 U1 10.8 5.8 34.8
 U2 17.2 5.6 11.3
 U3 14.4 6.9 31.3
 U4 12.2 6.5 9.6
 U5 14.8 5.9 13.0
 U6 4.1 6.5 17.7
 U7 7.6 7.0 16.3
 U8 3.9 7.7 12.3
 U9 14.4 6.7 136.1
 U10 10.4 6.6 93.3
 U11 14.4 7.7 1328.1
 U12 10.9 6.4 18.0
 U13 12.3 6.8 54.2
 U14 15.9 7.6 70.8
 U15 16.3 6.1 13.1
 U16 3.4 8.0 183.2
 U17 4.8 6.9 86.7
 U18 19.7 6.9 83.7
 U19 17.3 6.9 73.1
 U20 13.2 5.6 8.1
 U21 8.6 7.4 29.6
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Fig. 1. A neighbor-joining phylogenetic tree based on NS31-AM1 
nuclear small subunit (nSSU) rDNA sequences of arbuscular mycor-
rhizal (AM) fungi obtained in this study and the DDBJ/EMBL/
GenBank database. The tree is rooted to Geosiphon pyriforme 
(X86686). Group identity (type A1, A2, A3, B1, B2, C1, C2, D1, D2, 

D3, D4, E, F, G) relates to the restriction fragment length polymor-
phism (RFLP) types shown in Table 3. Clone identifi ers relate to tree 
number and clone number. Bootstrap values are shown where they 
exceed 70% (1000 replicates). A scale is shown to infer the evolution-
ary distances. Accession numbers are given for all sequences
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clade B fungi were closely related to G. sinuosum (Gerd. & 
B.K. Bakshi) R.T. Almeida & N.C. Schenck, but clade C 
had no close relationship with described species. Clades E 
and G were found to be paraphyletic in relationship in the 
phylogenetic tree. Because the fungi in clades E, F, and G 
were detected more often in the samples from Uganda than 
those from Madagascar, AM fungal species diversity may 
be higher in Uganda samples (see Table 3). The fungi in 
clade F and the majority of clade G were closely related to 
G. proliferum Dalpé & Declerck (Fig. 1).

Discussion

Although the samplings were conducted in the rainy season, 
some soil samples showed water content less than 5%. High 
temperature and strong sunshine would bring dry condi-
tions. It is supposed that the examined trees would have 
suffered from more serious arid conditions in the dry season. 
For the survival and growth of trees in the stressed environ-
ments, the water-storing organs, the bloated trunks or the 
tubers, would have an important role. In all the examined 
trees, colonization of AM fungi was detected. The AM 
fungi also may have some role for growth and drought toler-
ance of the host plants.

AM fungi in clade A, frequently detected in the exam-
ined samples, were phylogenetically close to G. intraradices. 
This AM fungal species is often found in arid and semiarid 
environments (Stutz et al. 2000; Muthukumar and Udaiyan 
2002; Tao and Zhiwei 2005). Clade B fungi, the second most 
frequent, were close to G. sinuosum, which have also been 
found in some arid and semiarid environments (Muthuku-
mar and Udaiyan 2002; Calvente et al. 2004). Meanwhile, a 
global analysis of AM fungal communities examined by 
rDNA sequences showed that G. intraradices is a cosmo-
politan species in various environments, not only in the dry 
environments, but also in mesic environments, forests, 
grasslands, and arable fi elds (Öpik et al. 2006).

Functional diversifi cation among isolates in the same 
AM fungal species has recently been suggested from the 
different effects on plant growth (Munkvold et al. 2004). 
Under water-stressed conditions, some AM fungi adapt to 
such environmental conditions. For example, Stahl and 
Smith (1984) reported that two strains of G. microcarpum 
Tul. & C. Tul, collected from a desert and a mesic site, 
showed different effect on leaf resistance to water vapor 
loss in Agropyron smithii Rydb. That is, the strain from the 
desert induced lower leaf resistance in an arid condition 
than another one from a mesic site. The lower leaf resis-
tance means increased stomatal openings, which is a 
common adaptation of plants to gain carbon in arid condi-
tions (Turner and Kramer 1980).

For the AM fungi found in such water-stressed environ-
ments, it would be interesting to examine their ability to 
improve host plant growth in such an environment. For AM 
fungal strains of the cosmopolitan species, furthermore, 
it is interesting to know whether they have adaptability to 
the various environmental conditions or whether they are T
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functionally differentiated to have an aptitude to stressed 
conditions.
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