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Abstract

This experiment aimed to test the combined effects of arbuscular mycorrhizal fungi (AMF) and rhizobium (Sinorhizobium
medicae) on the alfalfa root rot (Microdochium tabacinum) disease. The results show a significant increase in alfalfa growth,
induced by AMF, independent of inoculation with rhizobium. Inoculation with S. medicae increased alfalfa N concentration
compared with un-inoculated plants. In the presence of both AMF and S. medicae, the N, P concentration of plant were
significantly greater than in their absence. M. tabacinum caused plant branches wilt and significantly reduced plant total dry
weight as well as N, P concentration. Inoculation of AMF increased nodule numbers, independent of the presence of other
factors. AMF and rhizobium reduced alfalfa branches discoloration by 18%. Plant disease related enzyme, peroxidase (POD),
and catalase (CAT) showed a positive response to both AMF and rhizobium, while the malondialdehyde (MDA) content

responded negative.
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Introduction

Alfalfa (Medicago sativa) is a widely grown crop in northern
China, providing hay and silage for livestock throughout the
year. For 2015, more than 2 million hectares of alfalfa was
estimated to be cultivated in China. In the year of 2015, a root
rot was detected in the alfalfa fields of Huanxian County of
Gansu, China on the cultivar Longdong. Symptoms included
discoloration of infected tissues and development of brown and
rotted areas on both root and crown tissues. The average per-
centage of diseased plant reached to 30% in three years old
alfalfa field, and the brown and rotted areas occupies 25% ~
100% of plant roots. Infestation often leads to the death of the
entire plant. We previously found the pathogen causing these
symptoms as Microdochium tabacinum (Wen et al. 2015). This
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was the first report of alfalfa root rot caused by M. tabacinum in
China. The only other report of M. tabacinum causing disease
in alfalfa was a study of Pegg and Parry (1983), in which the
authors isolated Fusarium tabacinum (a former name for
M. tabacinum) from fields in Kent, UK.

Arbuscular mycorrhizal fungi (AMF) and rhizobia are two
types of important microorganisms in the agro-ecosystem.
AMEF are known to associate with the majority of plant fam-
ilies (Simon et al. 1993), with estimates of up to 80% of all
species potentially acting as hosts (Smith and Read 2008).
AMF have been reported to have positive influence on plant
tolerance to disease, e.g. Diseases caused by F. oxysporum on
Cucumis sativus seedlings (Wang and Hao 2008),
Phytophthora parasitica on Lycopersicon esculentum root
(Vigo et al. 2000; Pozo et al. 2002), Verticillium sp. on
Capsicum annuum (Garmendia et al. 2004). The positive ef-
fects was especially via the suppression of a broad range of
root pathogens (Dehne 1982; Larsen and Badker 2001), their
major impact on plant health is through increased nutrient
acquisition. AMF have specific to plant and pathogens, e.g.
Glomus versiforme has stronger effect to disease caused by
Fusarium oxysporum in Cucumis sativus than that Glomus
intraradices (Wang et al. 2012). Moreover, each of AMF
alone and mixes has functional biodiversity in plant disease
protection (Wehner et al. 2010), the mix of AMF inoculation
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have different influence on plant growth and nutrition acqui-
sition than that of individual of AMF inoculation as well
(Duan et al. 2011).The suspected mechanism includes im-
proved nutrient availability for the host plant, damage com-
pensation, changed root growth and morphology, competition
with pathogens for colonization sites and plant photosyn-
thates, changed microbial activity in the mycorrhizosphere
and activation of plant defense mechanisms (Perrin 1990).

It is well known that the rhizospheres of legumes contain
large populations of rhizobia, which are specific to the legume
species (Vigo et al. 2000). The rhizosphere of alfalfa was com-
monly colonized by Sinorhizobium medicae. The rhizobium
are capable of protecting their hosts against fungal pathogens
(Tu 1978; Chakraborty and Purkayastha 1984) by increasing
phytoalexin production in cross protection (Rahe et al. 1969;
Svoboda and Paxton 1972; Skipp and Deverall 1973; Al-Ani
et al. 2012; Elkhateeb 2014; Siddiqui et al. 2013).

The effects of inoculations of AMF and rhizobium on
growth and nutrition uptake of the host plant have been well
documented for legume hosts such as Glycine max (Ding et al.
2012), and Astragalus adsurgens (Wu et al. 2013). Moreover,
mycorrhiza formation tends to be a necessary precursor for
nodulation which suggests that legumes must have adequate
phosphorus to support the development of nodules and bacte-
roids (van Rhijn et al. 1997). However, despite these numer-
ous reports, little work has been done to investigate the com-
bined effects of AMF and rhizobium on legume plant dis-
eases, in particular the new alfalfa root rot caused by
M. tabacinum. Due to increased demand for alfalfa in China
and enhanced risk of crop loss caused by M. tabacinum infes-
tation, it is vitally important to explore possible methods of
disease control.

The experiment was designed to test the combined effects of
AMF and rhizobium on alfalfa root rot caused by M. tabacinum.
We used two AMF (Funnelliformis mosseae and Glomus
tortuosum separately and mixed). Alfalfa were inoculated with
and without Sinorhizobium medicae, as well as with or without
M. tabacinum. We hypothesized that: (1) F. mosseae,
G. tortuosum and S. medicae’scontribution will influence plant
disease occurrence and damage caused by M. tabacinum. (2)
When the two AMF mixed inoculated, they will have stronger
positive effect on plant disease resistance compared with indi-
vidual inoculation. (3) Resistance of alfalfa to M. tabacinum will
be enhanced when AMF and Sinorhizobium medicae are com-
bined compared to individual inoculation.

Materials and methods
Plants and fungi

Seeds of alfalfa (Medicago sativa cv Longdong) were
afforded by Entry—exit Quarantine Bureau of Gansu province,
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Lanzhou. The seeds were surface sterilized in 10% oxydol for
10 min, subsequently washed three rinses with sterilized dis-
tilled water and then leaving at 25 °C incubator for 48 h to
germinate. Six germinated seeds were planted in each pot, and
thinned to 4 seedlings after 1 week.

Funnelliformis mosseae and Glomus tortuosum were pro-
vided by College of Resource and Environment, China
Agricultural University. It was prepared from pot cultures of
AMF grown on Trifolium subterraneum in the same soil mix
we used for the experiments. The inoculums consisted of sub-
strate and Trifolium subterraneum root fragments (20 g/pot)
were mixed with the soil, 10 g of each AM fungi for the
mixture. Non-inoculated plants were supplied with 20 g of
the sterilized soil that cultured the AMF inoculation.

Sinorhizobium medicae was provided by Center for Studies
of Rhizobia, China Agricultural University. Cultures of
S. medicae was grown on yeast extract mannitol (YEM)
(pH 6.5) for 6 days at 25 °C on a shaker. The concentration
(2.1 x 10® /mL) of inoculum was standardized using a color-
imeter (Chakraborty and Purkayastha 1984). 5 mL of the sus-
pension was then watered to each 7-day-old alfalfa plant, the
same amount of sterilized distilled water were added to the
non-inoculated treatments.

Microdochium tabacinum was obtained from Entry—exit
Quarantine Bureau of Gansu province, Lanzhou.
M. tabacinum grown on potato dextrose agar (PDA).
Conidia were harvested in sterilized water from 26-day-old
cultures incubated at 25 °C under fluorescent lights (40 iE-
m-2-s-1). The conidial suspension was sieved (45 im). The
inoculum concentration was 3 x 10° conidia per milliliter
and consisted of microconidia and macroconidia in a 5: 2 ratio
(Caron et al. 1986). 2.5 mL spore suspension was added to
each of 6-week-old alfalfa, the same amount of sterilized dis-
tilled water was added to the non-inoculated treatments.

Growth medium

The soil was collected from Xinglong Mountain, Lanzhou,
China for our preparations of the soil mix used throughout
the experiments. The mix consisted of a blend of 50% of soil
and 50% of sand. Both components were sieved through a
2 mm sieve, and the soil and sands were sterilized via
autoclaving at 121 °C for 1 h twice over a period of 3 days
and then dried in an oven at 110 °C for 36 h. The size of the
pot was 6 cm x 22 ¢cm x 15 cm (bottom x height x top) con-
tains 1.5 kg of the soil.

Experimental design

A fully-crossed three factor experiment was designed: AMF
(4 levels) x rhizobium (2 levels) x Microdochium (2 levels) =
16 treatments, each with 4 replicate plants. The alfalfa were
cultivated in soil that inoculated with the following AMF
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combinations: F. mosseae, G. tortuosum, a combination of
F. mosseae and G. tortuosum, or clean soil non-inoculated
with AMF (NM). S. medicae was inoculated for half of the
AMF treatments one week after alfalfa emergence.
M. tabacinum was inoculated for half of each AMF and
S. medicae treatments at 6 weeks after plant emergence.

Plant growth and harvesting

The experiment was conducted in a glasshouse with photo-
synthetic photon flux density in the range of 180—-850 mmol
m 2 s ' during the growth period. The average temperatures
were 23-28 °C (day) and 20-25 °C (night). The plants were
watered with tap water every other day to permanent weight of
10% of dry weight of soil. Twice a week, we applied a mod-
ified Hogland nutrient solution (without P) (Duan et al. 2011)
to the pots during the experiment. The plants were harvested
3 weeks after inoculation with M. tabacinum.

At harvest, the discoloration percentage of alfalfa was de-
termined by counting all the aboveground of the plants. The
stem length and branch number of each plant was determined,
then shoots were cut from the plants and divided into three
subsamples, approximately 0.6 g fresh weight were used to
determine enzymes with the published methods including per-
oxidase (POD) (Hammerschmidt et al. 1982), catalase (CAT)
(Bailly etal. 1996), approximately 0.3 g fresh weight was used
to determine malondialdehyde (MDA) (Heath and Packer
1968) and Chlorophyll content (Arnon 1949), the rest were
used to determine dry weight (from the ratios of the subsam-
ples), N and P concentration.

Roots were washed, floated in shallow trays of water and both
tap and lateral roots were scored independently using a 6-step
rating scheme where: score 0 = root healthy, no discoloration;
1 =<25% of root slightly brown, no significant lesions; 2 = 25-
< 50% of root brown, lesions towards base of tap root. 3 = 50—
75% root brown, lesions mid tap root; 4=75% root brown; 5 =
plant dead. The number of plants in each disease severity cate-
gory was recorded. The diseased plant rate was calculated by the
diseased plant divided the total plant for each treatment. The
disease index (DI) was calculated by the following formula,

DI = IOOXZ?(I'XLH)/S x LN

where iis the disease severity scale (1 =0, 1,2,3,4,5)and LN and
Ln are the total number of plants of each disease severity,
respectively.

Then three subsamples were taken to determine total root
dry weight (from the ratios of the subsamples) and N, P con-
centration, tap root length, M. tabacinum invading rate, nod-
ule number and AM colonization. Each of the 4 plants root in
a pot was subsampled for the pathogen re-isolation (Wen et al.
2015). Nodules were counted per pot respectively and the
roots were preserved in formalin-aceto-alcohol to determine

AMF colonization of roots by the slide technique. AM colo-
nization of roots was determined by the method of
Giovannetti and Mosse (1980). The root samples were cut into
small segment (~1 cm) cleared in 10% KOH and stained with
trypan blue lactophenol (Phillips and Hayman 1970).

Plant dry shoot and root samples were ground through a
2 mm sieve, 0.2 g samples were digested by 10 mL H,SOy,
catalyst are 3 g K,SO4 and 0.3 g CuSO,. The extract was used
to determine N, P concentrations. Plant N and P was deter-
mined with Flow injection Analyzer (FIAstar 5000 Analyzer,
FOSS, Sweden) in State Key Laboratory of Grassland Agro-
Ecosystems of Lanzhou University.

Statistical analysis

Data are presented as means and standard errors of means of
four replicates (pot), homogeneity of variances was deter-
mined via Bartlett’s test. Data were analyzed by analysis of
variance (ANOVA) using SPSS 19.0 statistical analysis soft-
ware (SPSS Inc., Chicago, USA). Comparisons between
means were based on the least significant differences at the
0.05 probability level. Data for percent AM colonization were
ARCSIN-transformed to achieve normality.

Results
Disease occurrence, nodulation and AMF colonization

The inoculation of AMF average increased the nodule num-
bers from 19 to 52, however, we found no difference between
individual or mixed conditions. Pathogen infection reduced
alfalfa nodule number (P < 0.05) (Fig. 1a). No AM coloniza-
tion was found in the NM treatment. For AMF treatment, the
roots of alfalfa were well infected by the fungi,
displaying colonization percentage numbers ranging
from 70.14% to 86.74% (Fig. 2b). AM fungi displayed
very similar root colonization regardless of treatment
(individual or mixed), and infection with M. tabacinum
reduced the root colonization of AMF significantly
(P<0.05), while the inoculation with S. medicae slight-
ly increased AMF colonization (Fig. 2b, Table 1).

The infection of the pathogen caused alfalfa discoloration
by 8~15%, of which AMF alone and the co-inoculation of
AMF and S. medicae reduced plant discoloration by 47%
while S. medicae had no effect on plant disease occurrence
(Fig. 2¢). No typical root rot symptoms was found across the
treatments, and no M. tabacinum was re-isolated from the un-
inoculated treatment, while M. tabacinum was re-isolated
from the roots of all the inoculated treatments. The inoculation
of M. tabacinum caused very lightly brown of 6 alfalfa roots.
The disease index was between 0 and 0.75. AMF and
S. medicae had similar affect on pathogen invading, the
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Fig. 1 Nodule number (a), colonization percentage (b) and disease
incidence (c¢) of alfalfa (Medicago sativa) inoculated without (R-) and
with (R+) Sinorhizobium medicae and colonized by Funnelliformis
mosseae and Glomus tortuosum, the mix of the two fungi or non-
mycorrhizal (NM) at harvest. Mean + SEM of four replicates. P =
Microdochium tabacinum, NP=No M. tabacinum. The same capital let-
ters on the bars show there is no significant differences between R- or R+
atthe level of P < 0.05 (b); Bars with same lower case letters show there is
no significant differences between mycorrhial x pathogen (a), or there is
no significant differences between P and NP within R- or R+ at P <0.05
level (b). See Tables 1 for ANOVA results

co-inoculation slightly reduced the root rot disease se-
verity (P> 0.05).

Plant growth

Alfalfa responded positively to AMF colonization(Fig.
2a, b; Table 1). The effects of AMF colonization was
first clearly apparent at 14 d when all inoculated plants
featured a larger number of leaves compared to NM
plants (data not shown). The two AMF resulted the
same effect on alfalfa biomass accumulation indepen-
dent of whether they were inoculated individually or
in combination. Alfalfa displayed a negative response
to infection with M. tabacinum, especially in the growth
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(Medicago sativa) inoculated without (R-) and with (R+) Sinorhizobium
medicae and colonized by Funnelliformis mosseae and Glomus
tortuosum, the mix of the two fungi or non-mycorrhizal (NM) at harvest.
Mean + SEM of four replicates. P = Microdochium tabacinum, NP=No
M. tabacinum. The same capital letters on the bars show there is no
significant differences between mycorrhizal treatments within R- or R+
atthe level of P < 0.05 (a, b); Bars with same lower case letters show there
is no significant differences between mycorrhizal x M. tabacinum in R- or
R+ at P<0.05 level (b). See Tables 1 for ANOVA results

of roots, which was significantly reduced by the patho-
gen (Fig. 2b). The infection of the pathogen affected tap
root length across the treatments (data not shown). This
was true for both the AMF treatments and the co-
inoculation of AMF and rhizobium. Root/shoot (R/S)
ratios were decreased by the M. tabacinum infection,
and the co-inoculation of AMF and rhizobium increased
tap root length of plants (data not shown).

Plant N and P concentrations

Alfalfa N and P concentrations responded positively to
AMF colonization (Figs. 3 and 4) (P<0.05). The inoc-
ulation of S. medicae only increased alfalfa N absorb
(Fig. 4) while had no effect on plant P uptake (Fig.
4). The co-inoculation of AMF and S. medicae had
combine interactions and enhanced alfalfa N uptake
across the treatment (Fig. 3, Table 1) (P<0.05), how-
ever had no similar influence to plant P uptake (Fig. 4).
The infection of the pathogen significantly deceased
shoot and root N concentration and also shoot P con-
centration across the experiment (P <0.05) (Figs. 3, and
4, Table 1).
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Table 1 Anova result effects of

for mycorrhizal inoculation (M), Treatments M R p MxR MxP RxP
Rhizobium (R), pathogen
Microdochium tabacinum (P) and df 3 1 1 3 3 1
their interactions on the listed Nodule number 45.2947 37.4815 170.6209 0.5697 7.9649 14.9601
;avrvi:gll(e: Alfalfa harvested at <0.0001  <0.0001  <0.000 NS 00002 0.0003
AM colonization 1233.512 6.0953 23.8646 0.8449 2.6518 2.8257
<0.0001 0.0169 <0.0001 NS NS NS
Discoloration rate 735.2526 6.1543 19.3664 0.7493 3.8174 2.1617
<0.0001 NS <0.0001 NS <0.0001 NS
Shoot DW 204.0177 2.4541 1.1364 0.0291 0.0576 0.5106
<0.0001 NS NS NS NS NS
Root DW 69.4955 3.6445 72.6596 0.2685 7.6583 0.6792
<0.0001 NS <0.0001 NS 0.0003 NS
Total DW 281.3855 6.6767 51.2152 0.0895 3.6966 0.0077
<0.0001 0.0127 <0.0001 NS 0.0175 NS
Root / Shoot ratio 10.4015 0.1534 38.0637 0.3803 34188 1.4072
<0.0001 NS <0.0001 NS 0.024 NS
<0.0001 NS NS NS NS NS
Chlorophyll concentration 6.558 1.8623 13.5146 0.1413 0.88 0.0491
0.0012 NS 0.0008 NS NS NS
POD activity 5.3712 3.64 10.0005 0.0456 0.3641 10.082
0.0038 NS 0.0032 NS NS 0.0031
CAT activity 5.9723 15.0557 34.7617 0.2641 0.052 11.4718
0.0021 0.0004 <0.0001 NS NS 0.0018
MDA content 11.0747 1.8069 19.4277 0.0412 0.0349 5.7974
<0.0001 NS 0.0001 NS NS 0.0215
Shoot N 330.8581 131.556 482.6231 3.9876 11.6962 20.2191
<0.0001 <0.0001 <0.0001 0.0126 <0.0001 <0.0001
Root N 245.5675 93.9623 247.4612 0.4549 0.3726 0.0905
<0.0001 <0.0001 <0.0001 NS NS NS
Shoot P 26.2025 13.8149 62.0863 0.3829 0.9379 1.838
<0.0001 0.0005 <0.0001 NS NS NS
Root P 134.4389 8.4973 12.8421 1.0847 0.1815 0.1594
<0.0001 0.0053 0.0008 NS NS NS

NS not significant at P=0.05

Enzymes activities, MDA content

The effects of AMF and rhizobium on the physiological and
biochemical of alfalfa show a very similar trend compared to
the growth performance of alfalfa. All the physiological and
biochemical indexes show positive response to AMF and rhi-
zobium except for MDA, which responds negatively to colo-
nization of AMF and rhizobium. M. tabacinum infected alfal-
fa had relatively higher values for POD and CAT activities
(Fig. 5a, b) compared to the control, while also displaying
slightly higher values for MDA content in un-inoculated treat-
ments and treatments that were inoculated with the rhizobium,
respectively (Fig. 5¢). The inoculation of AMF improved
Chlorophyll concentration across the treatment, while the

inoculation of pathogen and rhizobium had no effect on plant
Chlorophyll concentration (Fig. 6).

Discussion

In this research, we firstly studied the effect of AMF and
rhizobium on a novel alfalfa root rot disease in China.
M. tabacinum significantly reduced plant N, P concentration
and total dry weight and caused discoloration of plant without
typical root rot in this study. However, the inoculation still
caused plant discoloration by 8~15% and slightly root brown.
The M. tabacinum usually has long latent before it caused
typical symptom, the disease mostly occurred at the late
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Fig. 3 Shoot N content (a) and Root N content (b) of alfalfa (Medicago
sativa) inoculated without (R-) and with (R+) Sinorhizobium medicae and
colonized by Funnelliformis mosseae and Glomus tortuosum, the mix of
the two fungi or non-mycorrhizal (NM) at harvest. Mean =+ SEM of four
replicates. P = Microdochium tabacinum, NP=No M. tabacinum. The
same capital letters on the bars show there is no significant differences
between R- or R+ at the level of P < 0.05 (a, b); Bars with same lower case
letters show there is no significant differences between P and NP in R- or
R+ at P<0.05 level (a, b). See Tables 1 for ANOVA results

growth stage and in the alfalfa field established more than
2 years. We found that M. tabacinum did not reduce branch
numbers nor shoot length (data not shown), but pathogen
infected plants had fine roots and lower root dry weight com-
pared to uninfected plants, which indicated that the pathogen
reduced plant root dry weight by changing the root morphol-
ogy even without the typical root rot.We re-isolated
M. tabacinum from the roots of all inoculated plants. This
suggests that the disease may occur under suitable en-
vironmental conditions without long time latent period
such as in the field conditions. The present study
afforded valuable information of the occurrence of
Microdochium tabacinum on alfalfa.

Mycorrhizal colonization significantly increased the
growth, including shoot length, root length, and number of
branches as well as shoot and root dry weight of alfalfa inde-
pendent of both rhizobium and pathogen presence (Fig. 2,
Table 1). Regardless of model of inoculation (individual or
mix), the two AMF had similar effect on plant P and N uptake
biomass accumulation and shoot discoloration. Rhizobia are
able to establish symbiotic associations with their specific host
plant and absorb atmospheric N (Scheublin et al. 2004). Our
results showed that inoculation of rhizobium increased plant
N concentration leading a slight increase in plant growth,
while had no effect on plant disease resistance. The infection
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Fig. 4 Shoot P content (a) and root P content (b) of alfalfa (Medicago
sativa) inoculated without (R-) and with (R+) Sinorhizobium medicae and
colonized by Funnelliformis mosseae and Glomus tortuosum, the mix of
the two fungi or non-mycorrhizal (NM) at harvest. Mean = SEM of four
replicates. P = Microdochium tabacinum, NP=No M. tabacinum. The
same capital letters on the bars show there is no significant differences
between R- or R+ at the level of P <0.05 (a, b); Bars with same lower
case letters show there is no significant differences between P and NP in
R- or R+ at P<0.05 level (a). See Tables 1 for ANOVA results

PNP PNP PNP P NP

with the pathogen M. tabacinum significantly reduced nodule
numbers across the treatment, leading the less N concentration
in plants. This is inconsistent with the findings of Sawada
(1982), who reported inoculation of Rhizobium meliloti de-
creased root rot of F. oxysporum, the nodulation was reduced
by the pathogen in alfalfa. The differences of our results
with others indicated the functional diversity of plant-
microorganism (Wehner et al. 2010).

Nodules can fix atmospheric nitrogen, the efficiency of the
process is mostly determined by the phosphorous nutrient
content of the host plant since appropriate phosphorous nutri-
ent support is indispensable for the growth of host plant
(Sanchez-Diaz et al. 1990). Only when organic phosphorus
under the action of soil phosphatase hydrolysis to inorganic
phosphate, could it be absorbed and utilized by roots. This
experiment shown that AMF could significantly improve
alfalfa P concentrations, which indicates inoculation with
AMF may increase rhizosphere soil phosphatase activity.
Tarafdar and Jungk (1987) had observed a considerable in-
crease in both acid and alkaline phosphatase activity in all
the four soil-root interfaces after inoculation with AMF.
Previous researches on legume species such as alfalfa
(Nielsen and Jensen 1983; Azcon and El-Atrash 1997) and
soybean (Ross 1971; Xie et al. 1995) showed that rhizobium
or AM can significantly affect plant growth, nutrient uptake,
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¢); Bars with same lower case letters show there is no significant differ-
ences between P and NP in R- or R+ at P<0.05 level (a, b, ¢). See
Tables 1 for ANOVA results
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Fig. 6 Chlorophyll content of alfalfa (Medicago sativa) inoculated
without (R-) and with (R+) Sinorhizobium medicae and colonized by
Funnelliformis mosseae and Glomus tortuosum, the mix of the two fungi
or non-mycorrhizal (NM) at harvest. Mean + SEM of four replicates. P =
Microdochium tabacinum, NP=No M. tabacinum. The same capital let-
ters on the bars show significant differences between R- and R+ at
P <0.05 level. Bars with same lower case letters show there is no signif-
icant differences between AM and NM in R- and R+ at P < 0.05 level. See
Tables 1 for ANOVA results
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and each other through competitive root colonization
(Bethlenfalvay et al. 1985; Hodge 2000). In our study, we
found rhizobium and AMF are inter-dependent and mutual-
ly-promoting. AMF inoculation promotes the formation of
root nodules and rhizobium inoculation increased the percent-
age of AMF infection (Fig. 1). This result is consistent with
Barea et al. (1987) and Erman et al. (2011). Moreover, in the
presence of rhizobium, frequency of root colonization in-
creased in pathogen infection plants compared to the treatment
absent of rhizobium. These findings also align with others
(Goicoechea et al. 1997; Castagno et al. 2014). Despite suc-
cessful nodulation of S. medicae, rhizobium appeared to
have little or no effect on biomass accumulation of al-
falfa, however the inoculation increased plant N concen-
tration. This may due to the sufficient N in soils for
normal plant growth (Shockley et al. 2004).

Enzyme activity of plants responded negatively to the in-
fection of M. tabacinum when co-inoculated with AMF and
rhizobium. The POD and CAT are plant protection enzymes
that clean toxic substances from cells (such as phenols, form-
aldehyde, etc.), and could alleviate or avoid plant from poi-
soning. MDA is the product of membrane lipid peroxidation
of plants in adversity. MDA levels could represent the degree
of membrane lipid peroxidation, and thus are closely related to
plant disease resistance (Liu et al. 2014). Our results show that
AM colonization increases the activity of POD and CAT, but
decreases the content of MDA. M. tabacinum infection in-
creased POD and CAT (Fig. 5a, b) and plants produced more
disease related enzymes (such as POD and CAT) to alleviate
the stress caused by the pathogen (Liu et al. 2014). However,
other studies reported that the infection of pathogen decreased
plant disease protection enzyme activity. Maya and
Matsubara (2013) reported that the infection of
Fusarium oxysporum and Colletotrichum gloeosporioides
decreased antioxidative activity of cyclamen plants. The
lower values of MDA content display lower cell mem-
brane damage or higher disease resistance.

The colonization of AMF responded positively to enhance
plant resistance to the pathogen. The rhizobium treatment de-
creased CAT content which indicates that rhizobium could
increase alfalfa resistance to root rot disease. Chakraborty
and Chakraborty (1989) found Rhizobium leguminosarum
can produce a phytoalexines (pisatine et 4-hydroxy-2, 3, 9-
trimethoxyptcarpan) and enhenced pea roots against the infec-
tion by Fusarium solani. Chlorophyll content was reduced by
the infection of M. tabacinum treatment due to suppression of
specific enzymes (e.g. protochlorophyllide reductase). These
enzymes are responsible for the synthesis of photosynthetic
pigments). A higher chlorophyll content in leaves of mycor-
rhizal plants under pathogen stress has been observed by Li
etal. (2004) who found chlorophyll content to be significantly
increased by the inoculation of AMF or combined inoculation
with AMF and rhizobium. In the presence of AMF, the
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antagonistic effects of pathogen on Mg uptake is
counterbalanced and suppressed. Our hypothesis that co-
inoculation of AMF and S. medicae enhances plant resistance
to the pathogen was partly upheld judging from growth, dis-
coloration rate of plant and disease protection enzyme activity.

In conclusion, our findings suggest that although root rot
caused by M. tabacinum usually show typical root rot symp-
toms in 2 years old alfalfa in field, however, with suitable
environmental conditions in greenhouse, the pathogen can
successfully invading plant roots and cause slightly root rot
symptoms. Furthermore, AMF colonization can increase tol-
erance against M. tabacinum infection. Rhizobium either in-
dividually inoculated or co-inoculated with AMF had a slight-
ly positive effect on plant growth and antioxidative enzyme
activity, still it increased alfalfa plant N concentration.
Considering that alfalfa is a perennial crop, we assume an
important role of rhizobium in fixation of N and an overall
improved plant growth. Co-inoculation bears the potential to
be used as bio-control agent to control root rot disease of
alfalfa caused by M. tabacinum. Further studies are required
to evaluate the long time effects of increased levels of AMF
and rhizobium on the root rot in the field, as well as the inter-
action mechanism of the microorganisms with alfalfa.
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