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ABSTRACT

Arbuscular Mycorrhizal fungi (AMF) exhibit multifunctional mutualistic symbiosis with plants. The beneficial
effect of AMF has been exploited for most of the crop plants but its role in flooded rice cultivation particularly
under elevated CO, is not much dissected. Most of the research findings revealed that, the higher dose of
phosphorous fertilizer application limits the AMF colonization in crop plants. In view of above, the present
study was conducted to understand whether recommended dose of phosphorous fertilizers have any negative
effects on AMF association in flooded rice under elevated CO, condition. This experiment comprised of four
treatments, which include three methods of AMF inoculation and an uninocul ated control. The entire experiment
was maintained at ambient and elevated CO,, (550 + 20 and 700 + 20 ppm) in open top chamber. In general, the
mycorrhizal root colonization and sporulation was 1.2-2.5 times higher in AMF inoculated treatments than
uninocul ated control. Among different methods of mycorrhizal application, transplanting of mycorrhized seedlings
or mycorrhized seedlings along with basal application of AMF increased sporulation and AMF colonization by
32-69 % and 14-56%, respectively compared to uninoculated control after 60 days of planting. The grain
phosphorous content wasincreased by 14.0 - 21.4 % in AMF inocul ated treatments as compared to uninocul ated
control in both ambient and eCO,, conditions. The present study revealed that, application of AMF along with
recommended dose of fertilizers (80:40:40 NPK kg ha*) significantly improves mycorrhizal root colonization,

sporulation and plant P uptake in anaerobic rice under ambient and elevated CO , condition.
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INTRODUCTION

Arbuscular Mycorrhizal Fungi (AMF) is a key
component of soil microbiotaandit comesunder phylum
Glomeromycota (Schubler et a., 2001) representsthe
most common, dynamic and widespread terrestrial plant
symbiotic association. They are obligate soil fungi and
exchanges mutual benefitswith approximately 80% of
terrestria plant speciesincluding majority of agricultura
crops. TheAMF helpsagricultural cropsby improving
soil structure, plant nutrition and di sease management
(Pozo and Azcon, 2007), soil health management,
drought and salinity tolerance (Porcel, 2011; Auge et
al., 2015) along with other ecosystem services in
exchangewith photosynthetic products (Smith and Read,
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2008). The establishment of AMF richnessin soil may
provide avalid alternative to conventional fertilization
particularly for phosphorous management. The AMF
can overcomethe limitationsin plant growth caused by
inadequate nutrient supply particularly phosphorus
(Nouri et a., 2014). There are many scientific reports
that, clearly stated theimportance of AMF in solving P
deficiency. AMF through itsindirect mechanism causes
changesin pH (Li et al., 2001), root exudation profile
and make it favorable for profuse development of
microbial community and enhances P solubilization .

For sustainable rice production, apart from
adoption of modern scientific cropping sequences (Roy
et al., 2011; Kumar et al., 2016), proper nutrient
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management approach to ensure adequate supply of
essential nutrientsishighly essential. Asrice demands
huge amount of phosphorous (P), thereforein order to
overcome the future P crisis for sustainable rice
cultivation, AMF can be appreciated as a 'saviour for
rice' cultivation. Presently phosphorousisbecoming a
limiting nutrient and by 2050, there will avast P crisis
globally. Most of the crop plantsincluding ricerequire
Pfor most of the cellular and physiological functions.
Hence, knowledge on theinteraction of ricewithAMF
will open a bright scope for developing AMF based
bio-inoculantsfor rice under widerange of cultivation.
Rice plantsreadily form mycorrhizal associationsunder
upland conditions, but under submerged conditionsits
infectionisrare dueto the anoxic environment (l1ag et
a., 1987). However, some reports have reported the
AMF colonization under flooded conditions (Seciliaand
Bagyaraj, 1994a, 1994b; Solaiman and Hirata, 1996).
However, there are only few studies providing an
overview of the colonizingAMF inricerootsand there
isstill no clear picture of how the association may be
exploited to benefit crop yield under adverse
environmental conditions (Vallino et al., 2009). Now a
day, increased attention isbeing given on theinfluence
of rapid increase in atmospheric CO, concentration on
nutrient cycling in ecosystems. Further understanding
of how elevated CO, affects phosphorus acquisition
and plant utilisation will becritical for "P" management
to maintain ecosystem sustainability in P deficient
regions (Fohse et al., 1988; Veneklass et al ., 2012).

The research evidence indicated that, the
changein earth's climate will eventually occur due to
increasein "greenhouse” gaseslike CO, (IPCC, 2001).
The CO, concentration in atmosphere has increased
from270 L L1in2009t0 394 L L1in 2013 (Leakey
etal., 2009; Goufo et al., 2014) and this concentration
will accelerate with models predicting that CO,
concentration will riseto 550 L L * by middle of this
century and up to 800 pL L by end of this century
(Long and Ort, 2010; Feng et al., 2014). Significant
increase in phosphorus demand by plants is likely to
happen under elevated CO, due to the stimulation of
photosynthesis, and subsequent growth responses. But
most of the research findings indicated that the
beneficial effect of AMF will be more under
phosphorous deficient conditions and higher level of
fertilizers application drastically reduces their

Sahoo et al.

colonization and sporulationin many crop plants. Inthis
backdrop, the present study wasinitiated to understand
whether the recommended level of fertilizers for
lowland rice cultivation under elevated CO, condition
has any adverse effect on AMF association in rice.

MATERIALS AND METHODS
Experimental site

The experiment was performed at Open Top Chamber
(OTC), which is exclusively setup to carry out
experiments under elevated CO, at National Rice
Research Institute, Cuttack (Latitude 20° 3'N,
Longitude 85° 49' 60" E; 24 m above sea level). The
climate of thisareaiscomesunder tropical climatewith
heavy rainfall during monsoon. The mean annual
precipitation was around 1500 mm. The details of the
experimental set up of the OTC isdescribed in Kumar
etal., 2017.

Soil samplecollection and prepar ation

Soil samples (0-25 cm depth) were collected from the
research farm of National Rice Research Institute,
Cuttack, Odisha, India and these soils were used for
pot culture experiment. The collected soil sampleswere
thoroughly air driedin shade, pulverized, sieved through
2 mm sieve and then analyzed for initial chemical and
AMF sporulation. The soil used for this experiment was
sandy clay loamwith thefollowing propertiesi.e., pH:
5.94, EC: 0.5dSm?, availablesoil N: 0.0043%, available
P: 11.5kg ha?, K: 130 kg ha* and AMF sporulation of
2-3 sporesg? soil. The organic carbon (Jackson, 1967),
availablenitrogen (Subbaiah and Asija, 1956), available
phosphrous (Bray and K urtz, 1945), available potassium
(Jackson, 1967), pH (Piper, 1967), electrical
conductivity (Black, 1965) and AMF sporulation
(Gerdemann and Nicolson, 1963) were done by adopting
standard methods.

Massmultiplication of AM fungi

TheAM fungal sporeswere multiplied in sterile sand:
soil mixture (1:1) by using Rhode grass (Chloris
gayana Kunth) asahost plant. After 4 months, thetop
vegetative portion of Rhode grass was removed and
the roots were thoroughly mixed with the substrate.
The soil based AMF inoculum containing 78-80 spores
g soil was used for the study. Theinocul um containing
mixed AMF i.e., Funneliformis mosseae,
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Rhizophagus fasciculatus and Rhizophagus
intraradices which were collected from Soil
Micrabiology Lab, Crop Production Division, ICAR-
NRRI, Cuttack, India.

Experiment details

The rice seedlings (variety: Naveen) used in this
experiment wasproduced in small plastic trays(45cm
length 30 cm width and 15 cm height) filled with soil.
In thismethod, two type of seedlingswere produced i)
seedlings produced fromunsterilized soil i) mycorrhized
seedlings were produced from unsterilized soil
inoculated with AMF inoculums (@ 25 g per kg soil).
Therice (variety Naveen) seedswere surface sterilized
with 0.1% HgCl, and then washed repeatedly with
sterilewater to keep it free from pathogens. Then seeds
were soaked inwater for 24 hour. After soaking, seeds
were sownin traysasper the treatment and submerged
water level was maintained for 25 days and then twenty
five days old rice seedlings were used for further
experiment.

Pot experiment

A total of 48 pots were taken and filled with 10 kg of
soil. The recommended dose of 40 kg P,O, ha' as
single super phosphate and potassum @ 40 kg K,O
ha' as murate of potash (MOP) was applied to all the
treatments uniformly as basal. Nitrogen @ 80 kg ha™*
was applied in the form of urea at two splits. Fifty
percent N as basal and the remaining were at panicle
initiation stage. Seedlings were gently removed from
traysand transplanted in pot asper thetreatmentsgiven
below and three plants per pot were maintained. All
the treatments were maintai ned separately under three
different CO, concentration such as ambient, 550 ppm,
700 ppm CO, in OTC (Kumar et al., 2017).

Treatment details

T,-NoAMF application

T,-Application of AMF at the time of transplanting
T,- Transplanting of mycorrhized seedling

T,- Mycorrhized seedlingswith basal application of AM
fungi

All the treatments were replicated five times.
Soil and plant samples were collected at regular
intervalsi.e., 45 daysafter transplanting (DAT), 60 and
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90 DAT for AMF root coloni zation, sporulation and plant
phosphorous uptake.

The soil containing AM fungal spores were
isolated by using wet sieving and decanting technique
(Gerdemann and Nicolson, 1963). The quantification
of AM fungal spores from rhizosphere sample was
expressed as number of spores per gram of soil (spore
g?! soil). AM fungal colonization in rice roots was
assessed by staining the roots with Trypan Blue as
described by Phillips and Hayman (1970). The plants
were uprooted washed, air dried and subjected for oven
drying. The powdered plant sampleswere digested with
tri-acid mixture (HNO_:HCIO,:H,SO,) and after
digestion the samples were filtered and volume was
made up to 100ml with sterilized distilled water. The
estimation of total phosphorusin digested plant sample
was analysed by following vanado molybdate method
(Jackson, 1973)

Satistical analysis

The data were analyzed using Web Agri Stat Package
version WASP2.0, and subjected to one way analysis
of variance (ANOVA). Treatment difference was
evaluated using least significant difference (LSD) at p
<0.05.

RESULTS AND DISCUSSION

Effect of AM fungi on riceroot colonization and
sporeproaliferation at ambient CO,

AM fungal root colonization and spore proliferation
were assessed at 45, 60 and 90 DAT and the results
arepresentedin Tables 1, 2 and 3. TheresultsonAMF
colonization and spore proliferation at ambient condition
(Table 1) revealed that among four treatments the
mycorrhized seedlings along with basal application of
AMF (T ) recorded significantly higher sporulation (520-
1200 spores 100? soil) and root colonization (45.0 -
85.0 %) after 45, 60 and 90 DAT as compared to un
inoculated control (T ) and the treatment which received
AMF as only basal application (T,). The AMF spore
production was increased up to 60 DAT and then it
gradually decreased in all the treatments. The AMF
root colonization and spore population did not have any
cong stent relation among thetreatments. Inall theAMF
inoculated treatments, there was decreasing trend in
root colonization after 60 of transplanting, afterwards
it was increased at 90 DAT, but this trend was not
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Table 1. Effect of AMF on root colonization and its sporulation in rice crop under ambient CO , condition

Treatments 45 DAT 60 DAT 90 DAT
AMF spore AMF root AMF spore AMF root AMF spore AMF root
(no./100g sail) colonization (%) (no./100g soil) colonization (%) (no./100gsoil)  colonization ( %)
T! 400.0(19.8%)* 17.5(24.5%)** 401.2(20.09* 25.0(29.8v)** 265.0(16.29*  32.5(34.4%**
T, 520.0(22.7%) 40.0(39.29) 880.0(29.6%) 32.5(34.7%) 320.0(17.79 62.5(52.2°)
T, 720.0(26.79) 42.5(42.19) 920.0(30.3%) 35.0(36.29) 420.0(20.4%) 75.0(60.13)
T, 760.0(27.59) 45.0(42.19) 1200.0(34.69) 37.5(37.79) 520.0(22.7%) 85.0(67.59)

**Values in parentheses are arcsine transformed values, *Values in parentheses are square root transformed values, Means
within rowsfollowed by the sameletter do not differ significantly at p<0.05, DAT - Daysafter transplanting, AMF - Arbuscular

mycorrhizal fungi

observed in uninoculated control. Overall, it was
observed that the AMF inoculated treatments (T, T,
andT,) recorded 57-62% higher root colonization than
uninoculated control. Among AMF inoculated
treatments, mycorrhized seedlings had 4.0-11% higher
root col onization than that of treatment which received
AMPF during thetime of transplanting (T ) at 45 DAT.
Similar type of trendswere observed at 60 and 90 DAT.
Most of the research findings have clearly proved that
application of AM fungi significantly improved
mycorrhizal colonization and plant growth (Banerjeeet
a., 2013; Panneerselvam et al., 2012). Some reports
indicated that wetland rice plantsin submerged fields
were highly colonized (llag et a. 1987; Sivaprasad et
a., 1990; Seciliaand Bagyaraj, 1992) by AMF.

Effect of AM fungi on itsroot colonization and
sporeproliferation at elevated CO, (550and 700
ppm) condition

Theresultson AM fungal root colonization and spore
proliferation observed after 45, 60 and 90 DAT
presentedin Tables2 and 3. Similar to ambient condition,
the AMF spore popul ation wasincreased upto 60 days
and then it decreased in all the treatments. In general,
themycorrhized seedlingsor mycorrhized seedlingswith

basal application of AMF recorded significantly higher
spore population and AMF root colonization upto 60
DAT under 550 and 700 ppm CO, condition compared
to uninoculated control. TheAMF inocul ated treatments
(T,, T, and T,) recorded 14.2-46.7 % higher root
colonization than uninoculated treatment (T ) at 60
DAT. It was well documented that the photosynthesis
of plants grownin elevated CO, was 35% higher than
ambient CO, plants (De Souza et al., 2008). The
increased availability of carbohydrates/ carbonin roots
and its exudates, might have led to increased AMF
colonizationinriceplants.

It has been reported that mycelial biomass
production by Hebeloma crustuliniforme in Pinus
sylvestris (L.) Karst seedlingswas significantly greater
under elevated CO,, up to a threefold increase in
comparison with ambient CO, conditions (Fransson et
a., 2005). This suggests that the fungus was able to
produce more mycelium asaconseguence of increased
Cavailability. For instance, Sanders (1998) showed that
at 600 uL L* of CO,, the external hyphae of AMF
showed an increased growth in the rhizosphere of
Prunella vulgaris in comparison with ambient CO,
(350 pL L), which can be explained by increased
alocation

Table 2. Effect of AMF onroot colonization and its sporulation in rice cropunder 550 ppm CO , condition

Treatments 45 DAT 60 DAT 90 DAT
AMF spore AMF root AMF spore AMF root AMF spore AMF root
(no./100g soil) colonization (%) (no./100g soil) colonization (%) (no./100gsoil)  colonization ( %)
T, 400.0(19.89* 20.000(26.5%**  408.7(20.29* 25.0(39.8%)** 270.0(16.49*  42.5(40.6°)**
T, 640.0(25.1%) 35.000(36.2%) 600.0(24.4° 30.0(33%) 400.0(19.8°) 87.5(69.5%)
T, 800.0(28.2%) 40.000(39.2%) 880.0(29.6") 50.0(45%) 560.0(23.6°)  45.0(42.11%)
T, 880.0(29.69) 45.000(42.19) 1200.0(34.6? 57.5(49.3%) 720.0(26.7%) 47.5(43.5°)

**\alues in parentheses are arcsine transformed values, *Values in parentheses are square root transformed values, Means
within rowsfollowed by the sameletter do not differ significantly at p < 0.05, DAT - Daysafter transplanting, AMF - Arbuscular
mycorrhizal fungi
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Table 3. Effect of AMF on root colonization and its sporulation in rice cropunder 700 ppm CO , condition
Treatments 45 DAT 60 DAT 90 DAT
AMF spore AMF root AMF spore AMF root AMF spore  AMF root
(no0./100g soil) colonization (%) (no./100g soil) colonization (%) (no./100gsoil)  colonization ( %)
T, 400.0(19.8%)* 27.5¢(31.5)** 403.7(20.09* 36.25(36.9°)**  302.7(17.39* 22.5(28.29**
T, 490.0(21.9%) 45.0°(42.1) 840.0(28.9") 42.5(40.69) 680.0(26.09  27.5(31.39)
T, 680.0(25.99) 45.0(42") 880.0(29.6") 56.2(48.69) 720.0(26.99  42.5(40.6")
T, 680.0(25.99) 60.0(50.89) 1320.0(36.69) 67.5(55.29) 760.0(27.59  55.0(47.89)

**Values in parentheses are arcsine transformed values, *Val ues in parentheses are square root transformed values, Means
within rowsfollowed by the sameletter do not differ significantly at p<0.05, DAT - Daysafter transplanting, AMF - Arbuscular

mycorrhizal fungi

of Ctotheir externa hyphae (Rillig and Allen, 1999).
Similarly, internal hyphae of AMF showed the tendency
to increase. This might also be due to increased root
biomass as a result of increased CO, levels (Sanders
et a., 1998). The results from the present experiment
on rice showed that percentage root colonization by
the AM fungi was increased under an elevated
atmospheric CO, concentration, in line with earlier
findings(Rillig et a., 2002; Johnson and Gehring, 2007;
Chenget al., 2012). However, some other studies have
reported no responses or even decrease in root AM
levels of plants grown under high CO, concentrations
(Rillig et al., 2002; Cavagnaro et a., 2007). It is
proposed that differencesin AM fungi, plant species,
and duration of the experiment could have brought about
these discrepancies.

Effects of AM fungi on plant nutrient uptake
under ambient and elevated CO, condition

The effect of AMF application on plant P uptake in
rice at ambient and elevated CO, is presented in table
4. The phosphorous content was analyzed at 45 DAT
and maturity stage and resultsindicated that, at ambient
condition there was no significant variation in
phosphorous content in plants among different

treatmentsat 45 DAT, but at maturity stage mycorrhized
seedlings along with basal application of AMF (T,)
recorded significantly higher plant (0.238 %) and grain
(0.289 %) P content compared to other treatments. At
550 ppm CO,, there was significant variation in
phosphorous uptake among various treatments at 45
DAT and maturity stage. However, there was no
consistent trend between AMF inoculated and
uninoculated treatments. The grain P content (0.288
%) wassignificantly higher in mycorrhized seedling (T ,)
at maturity stage as compared to all other treatments.
The results on plant phosphorous uptake at 700 ppm
CO, revealed that, therewasno significant variationin
P content in plantsamong varioustreatments at 45 DAT,
but significant variation was observed at maturity stage
of plants. The mycorrhized seedlings along with basal
application of AMF recorded significantly higher P
content in plants (0.233%) and grains (0.276 %)
compared to other treatments.

Many studies have shown that plant growth, P
and Zn nutrition of wetland rice wereimproved under
pot culture conditionsfollowing inocul ation with AM
fungi isolated from paddy and non-paddy soils (Sharma
et al., 1988; Seciliaand Bagyargj, 1992, 1994). The

Table 4. Effect of AMF on plant phosphorous uptake under ambient elevated CO ,, (550 and 700 ppm) condition.

Treatment ~ Ambient CO, 550ppm 700 ppm
45 DAT Maturity stage 45 DAT  Maturity stage 45 DAT Maturity stage
Plant P(%) Plant P(%) Grain P(%) Plant P(%) Plant P(%) Grain P(%) Plant P(%) Plant P(%) Grain P(%)
T, 0.103 0.175° 0.221¢ 0.083° 0.2102 0.225¢ 0.090 0.170¢ 0.225¢
T, 0.095 0.175° 0.271° 0.1002 0.163° 0.247¢ 0.113 0.165° 0.254¢
T, 0.090 0.2302 0.187¢ 0.068° 0.2052 0.2882 0.098 0.180° 0.262°
T, 0.095 0.2382 0.2892 0.093* 0.180° 0.283° 0.098 0.233* 0.2762
CD (p<0.05) NS 0.01 0.002 0.014 0.016 0.003 NS 0.009 0.007

Means within rowsfollowed by the same letter do not differ significantly at p< 0.05, DAT - Days after transplanting, AMF -

Arbuscular mycorrhizal fungi
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beneficial effects of inoculation of crop plants with
arbuscular mycorrhizal fungi (AMF) are becoming
widely recognized, mainly because these fungi can
improve P nutrition under certain conditions (Jeffries,
1987). From this report, it was confirmed that for
arbuscular mycorrhizal establishment, inoculation at an
earlier stage or at certain interval before flooding was
important. The AM fungi can adapt to both low and
high levels of soil nutrients. Lambert et al. (1980) who
compared the performance of several AM fungi in soils
with low levels of extractable phosphorus, found that
plant yield was aways highest when theinoculum used
was indigenous to the soil in which the plants were
grown. Similarly, Henkel et al. (1989) reported that
adaptation to low P soilsoccurred within theindigenous
AMF population. On the other hand, arbuscular
mycorrhizae are often present in soilswith high levels
of extractable P and these fungi have been considered
to bePtolerant (Porter et a., 1978; Sylviaand Schenck,
1983; Douds and Schenck, 1990).

The AMF inoculation increased the P and N
concentrations of unhulled grain even though the AM
symbiosis became parasitic to wetland rice (Solaiman
and Hirata, 1995). Many studies showed that mycorrhizal
fungi could enhance the plant uptake of phosphorus (L
etal., 2006; Antuneset al., 2007; Manjunath and Habte,
1988). Mycorrhization of plants with G. mosseae
caused asignificant mobilization of insoluble Pin the
substrate and uptake by plants. Mycorrhizal plantshave
increased uptake of P from poorly soluble P sources
through either direct or indirect mechanisms deriving
from the effects of AMF on rhizosphere properties
including changes in pH (Li et a., 2001) and root
exudates pattern (Laheurte et al., 1990). Elevated
atmospheric CO, levelsusually enhance theAMF root
colonization (Tylianakiset al., 2008) and it can promote
plant growth at elevated CO, (Kumar et al., 2017) due
to the enhanced nutrient uptake and improved
photosynthetic rate of the host (Baslam et al., 2012).

CONCLUSION

The present findings clearly indicated that, the crop
phosphorous uptake in flooded rice can be improved
through application of AMF; however theright method
of AMF application isvery important rather than merely
application. The observation also revealed that, the
external application of AMF works better at

OryzaVol. 54 No. 3, 2017 (290-297)

recommended level of fertilizers in flooded rice
cultivation at ambient as well as elevated CO,
conditions. Among different methods of AMF
application, transplanting of mycorrhized seedlingsis
better in enhancing mycorrhizal colonization and plant
phosphorous uptake as compared to the regular method

of basal application of AMF.

ACKNOWLEDGEMENTS

Thefirst author thanksto Director, ICAR-Nationa Rice
Research Ingtitute, Odisha, Indiafor providing excellent
facility for conducting this research work.

REFERENCES

Antunes PM, Schneider K, Hillis D, and Klironomos JN
(2007). Can the arbuscular mycorrhizal fungus
Glomusintraradices actively mobilize P from rock
phosphates. Pedobiologia51(4): 281-286

Augé RM, Toler HD and Saxton AM (2015). Arbuscular
mycorrhizal symbiosisalters stomatal conductance
of host plants more under drought than under amply
watered conditions: a meta-analysis. Mycorrhiza
25(2):13-24

BanerjeeK, Gadani MH, SrivastavaKK, VermaN, Jasrai YT
and Jain NK (2013). Screening of efficient
arbuscular mycorrhizal fungi for Azadirachtaindica
under nursery condition: a step towards
afforestation of semi-arid region of western India.
Brazilian Journal of Microbiology 44(2): 587-594

Basam M, Erice G and Goicoechea N (2012). Impact of
arbuscular mycorrhizal fungi (AMF) and
atmospheric CO, concentration on the biomass
production and partitioning in the forage legume
afdfa Symbiosis58(1-3): 171-181

Black CA (1965). Methods of Soil ScienceAnalysis, Part 2.
Chemical and Microbiologica Properties. ASA, Inc.
Madison, Wisconsin, USA

Bray RH and Kurtz LT (1945). Determination of total, organic,
and available forms of phosphorus in soils. Soil
science59(1): 39-46

Cavagnaro TR, Sokolow SK and Jackson LE (2007).
Mycorrhizal effects on growth and nutrition of
tomato under el evated atmospheric carbon dioxide.
Functional Plant Biology 34(8): 730-736

Cheng L, Booker FL, Tu C, Burkey KO, Zhou L, Shew HD
and Hu S (2012). Arbuscular mycorrhizal fungi
increase organic carbon decomposition under
elevated CO,. Science 337(6098): 1084-1087

0 2905 O



AMF association under elevated CO, condition

Douds DD and Schenck NC (1990). Relationship of
colonization and sporulation by VA mycorrhizal
fungi to plant nutrient and carbohydrate contents.
New Phytologist 116(4): 621-627

Feng GQ, Li Y and Cheng ZM (2014). Plant molecular and
genomic responses to stresses in projected future
CO, environment. Critical reviewsin plant sciences
33(2-3): 238-249

FOHSE D, Claassen N and Jungk A (1988). Phosphorus
efficiency of plants: I. External and internal P
requirement and P uptake efficiency of different
plant species. Plant and Soil 110(1): 101-109

Fransson PM, Taylor AF and Finlay RD (2005). Mycelial
production, spread and root colonisation by the
ectomycorrhizal fungi Hebel omacrustuliniformeand
Paxillusinvolutus under elevated atmospheric CO.,,.
Mycorrhiza15(1): 25-31

Gerdemann JW and Nicolson TH (1963). Spores of
mycorrhizal Endogone species extracted from soil
by wet sieving and decanting. Transactions of the
BritishMycological Society 46(2): 235-244

Goufo P, Pereira J, Moutinho-Pereira J, Correia CM,
Figueiredo N, Carranca C and Trindade H (2014).
Rice (Oryza sativa L.) phenolic compounds under
elevated carbon dioxide (CO,) concentration.
Environmental and Experimental Botany 99: 28-37

Henkel TW, Smith WK and Christensen M (1989). I nfectivity
and effectivity of indigenous vesicular-arbuscul ar
mycorrhizal fungi from contiguous soils in
southwestern Wyoming, USA. New Phytologist
112(2): 205-214

llag LL, Rosales AM, Elazegui FA and Mew TW (1987).
Changes in the population of infective
endomycorrhizal fungi in a rice-based cropping
system. Plant and Soil 103(1): 67-73

Jackson ML (1962). Soil Chemical Analysis(1%edition). Asia
Publ. House, New Delhi, Indiapp. 29-32

Jackson ML (1967). Soil Chemical analysis. Prentice Hall of
India, Pvt. Ltd., New Delhi pp. 498

Jeffries P (1987) Use of mycorrhizaein agriculture, CRC Cirit.
Rev. Biotechnal. 5: 319-357

Johnson NC and Gehring CA (2007). Mycorrhizas: symbiotic
mediators of rhizosphere and ecosystem processes.
Therhizosphere: an ecological perspective, 73-100.

Kumar A, Nayak AK, Sah RP, Sanghamitra P and Das BS
(2017). Effects of elevated CO, concentration on
water productivity and antioxidant enzyme activities

0 296 O

Sahoo et al.

of rice (Oryza sativa L.) under water deficit stress.
Field CropsRes. 212: 61-72

Kumar M, Kumar R, MeenaKL, RajkhowaDJand Kumar A
(2016). Productivity enhancement of rice through
crop establishment techniques for livelihood
improvement in Eastern Himalayas. Oryza53(3): 300-
08

Laheurte F, Leyval C and Berthelin J(1990). Root exudates
of maize, pine and beech seedlings influenced by
mycorrhizal and bacterial inoculation. Symbiosis
(Rehovot) 9(1-3): 111-116

Lambert DH, Cole H and Baker DE (1980). Adaptation of
vesicular-arbuscular mycorrhizae to edaphic
factors. New Phytol ogist 85(4): 513-520

Leakey AD, Ainsworth EA, Bernacchi CJ, RogersA, Long S.
Pand Ort DR (2009). Elevated CO,, effectson plant
carbon, nitrogen, and water relations: six important
lessonsfrom FACE. Journal of Experimental Botany
60(10): 2859-2876

Li H, Smith SE, Holloway RE, Zhu'Y and Smith FA (2006).
Arbuscular mycorrhizal fungi contribute to
phosphorus uptake by wheat grown in a
phosphorus-fixing soil even in the absence of
positive growth responses. New Phytologist 172(3):
536-543

Li X and Christie P (2001). Changesin soil solution Zn and
pH and uptake of Zn by arbuscular mycorrhizal red
clover in Zn-contaminated soil. Chemosphere 42(2):
201-207

Long SPand Ort DR (2010). Morethan taking the heat: crops
and global change. Current Opinionin Plant Biology
13(3): 240-247

Manjunath A and Habte M (1988). Development of vesicular-
arbuscular mycorrhizal infection and the uptake of
immobile nutrientsinlL eucaenaleucocephala. Plant
and Soil 106(1): 97-103

Nouri E, Breuillin-SessomsF, Feller U and Reinhardt D (2014).
Phosphorus and nitrogen regulate arbuscular
mycorrhizal symbiosisinPetuniahybrida. PLoS One
9(3): e90841.

Panneerselvam P, Mohandas S, Saritha B, Upreti KK,
Poovarasan Monnappa A and Sulladmath VV
(2012). Glomus mosseae associated bacteria and
their influence on stimulation of mycorrhizal
colonization, sporulation, and growth promotion
inguava(Psidiumguajava L.) seedlings. Biological
Agricultureand Horticulture 28(4): 267-279



Phillips IM and Hayman DS (1970). Improved procedures
for clearing roots and staining parasitic and
vesicular-arbuscular mycorrhizal fungi for rapid
assessment of infection. Transactions of the British
Mycological Society 55(1): 158IN16-161IN18

Piper SC (1967). Soil and plant analysis. Bombay/ New Delhi
AsiaPublishing House pp.30-38

Porcel R, ArocaR and Ruiz-Lozano JM (2012). Salinity stress
alleviation using arbuscular mycorrhizal fungi. A
review. Agronomy for Sustainable Development
32(1): 181-200

Porter WM, Abbott LK and Robson AD (1978). Effect of rate
of application of superphosphate on populations
of vesicular arbuscular endophytes. Australian
Journal of Experimenta Agriculture 18(93): 573-578

Pozo MJand Azcon-Aguilar C (2007). Unraveling mycorrhiza-
induced resistance. Current Opinion in Plant
Biology 10(4) :393-398

RilligMCandAllen MF (1999). What istheroleof arbuscul ar
mycorrhizal fungi in plant-to-ecosystem responses
to elevated atmospheric CO,. Mycorrhiza9(1): 1-8

RilligMC, Treseder KK and Allen MF (2002). Global change
and mycorrhizal fungi. In Mycorrhizal ecology (pp.
135-160). Springer BerlinHeidelberg

Roy DK, Kumar R and Kumar A (2011). Production
potentiality and sustainability of rice-based
cropping sequences in flood prone lowlands of
North Bihar. Oryza48(1): 47-51

SandersIR, Streitwolf-Engel R, Vander Heljden MGA, Boller
T and Wiemken A (1998). Increased allocation to
external hyphae of arbuscular mycorrhizal fungi
under CO, enrichment. Oecologia117(4): 496-503

Schilbler A, Schwarzott D and Walker C (2001). A new fungal
phylum, the Glomeromycota: phylogeny and
evolution** Dedicated to Manfred Kluge
(Technische Universitét Darmstadt) onthe occasion
of his retirement. Mycological Research 105(12):
1413-1421

Secilia J and Bagyara) DJ (19944a). Selection of efficient
vesicular-arbuscular mycorrhizal fungi for wetland
rice--A preliminary screen. Mycorrhiza4: 265-268

Secilia J and Bagyaraj DJ (1992). Selection of efficient
vesicular-arbuscular mycorrhizal fungi for wetland
rice (Oryzasativa L.). Biology and fertility of soils
13(2):108-111

SeciliaJand Bagyargj DJ (1994b). Evaluation and first-year
field testing of efficient vesicular arbuscular

OryzaVol. 54 No. 3, 2017 (290-297)

mycorrhizal fungi for inoculation of wetland rice
seedlings. World Journal of Microbiology and
Biotechnology 10(4): 381-384

SharmaAK, Singh R and Singh US (1988). Effect of vesicular-
arbuscular mycorrhiza on uptake of phosphorus
and zincinrice (Oryza sativa L.). Current Science
57(16): 901-902

Sivaprasad P, SulochanaK K and SdamMA (1990). Vesicular-
arbuscular mycorrhizae (VAM) colonization in
lowland rice roots and its effect on growth and
yidd. International Rice Research Newsletter 15(6):
14-15

Smith SE and Read DJ (2008). Mycorrhizal Symbiosis, 3
Edn. London: Academic

Solaiman MZ and Hirata H (1995). Effects of indigenous
arbuscular mycorrhizal fungi in paddy fieldsonrice
growth and N, P, K nutrition under different water
regimes. Soil Scienceand Plant Nutrition 41(3): 505-
514

Solaiman MZ and HirataH (1996). Effectivenessof arbuscular
mycorrhizal colonization at nursery-stage on growth
and nutritionin wetland rice (Oryza sativa L .) after
transplanting under different soil fertility and water
regimes. Soil Scienceand Plant Nutrition 42(3): 561-
571

Subbiah BV and AsijaGL (1956). A rapid method for current
estimation of nitrogen in soils. Current Sciences
26: 259-260

Sylvia DM and Schenck NC (1983). Application of
superphosphate to mycorrhizal plants sitimulates
sporulation of phosphorus-tolerant versicular-
arbuscular my corrhizal fungi. New Phytologist
95(4): 655-661

Tylianakis IM, Didham RK, Bascompte J and Wardle DA
(2008). Global change and species interactions in
terrestrial ecosystems. Ecology Letters11(12): 1351-
1363

Vallino M, Greppi D, Novero M, Bonfante Pand Lupotto E
(2009). Riceroot colonisation by mycorrhizal and
endophytic fungi in aerobic soil. Annalsof Applied
Biology 154(2): 195-204

Veneklaas EJ, LambersH, Bragg J, Finnegan PM, Lovelock
CE, Plaxton WC and Raven JA (2012). Opportunities
for improving phosphorus-use efficiency in crop
plants. New Phytologist 195(2): 306-320

0 297 O



