Journal of Plant Nutrition

ISSN: (Print) (Online) Journal homepage: https://www.tandfonline.com/loi/Ipla20

Taylor & Francis

Taylor & Francis Group

Role of mycorrhizae inoculations on nutrient
uptake in rice grown under aerobic and anaerobic
water management

Md Toufiq Igbal , Ibrahim. A. M. Ahmed , Mehmet Isik , Fahmida Sultana &
Ibrahim Ortas

To cite this article: Md Toufiq Igbal , Ibrahim. A. M. Ahmed , Mehmet Isik , Fahmida
Sultana & Ibrahim Ortas (2020): Role of mycorrhizae inoculations on nutrient uptake in rice
grown under aerobic and anaerobic water management, Journal of Plant Nutrition, DOI:
10.1080/01904167.2020.1845375

To link to this article: https://doi.org/10.1080/01904167.2020.1845375

@ Published online: 17 Nov 2020.

N
CJ/ Submit your article to this journal

A
& View related articles &'

@ View Crossmark data (&

CrossMark

Full Terms & Conditions of access and use can be found at
https://www.tandfonline.com/action/journalinformation?journalCode=Ipla20


https://www.tandfonline.com/action/journalInformation?journalCode=lpla20
https://www.tandfonline.com/loi/lpla20
https://www.tandfonline.com/action/showCitFormats?doi=10.1080/01904167.2020.1845375
https://doi.org/10.1080/01904167.2020.1845375
https://www.tandfonline.com/action/authorSubmission?journalCode=lpla20&show=instructions
https://www.tandfonline.com/action/authorSubmission?journalCode=lpla20&show=instructions
https://www.tandfonline.com/doi/mlt/10.1080/01904167.2020.1845375
https://www.tandfonline.com/doi/mlt/10.1080/01904167.2020.1845375
http://crossmark.crossref.org/dialog/?doi=10.1080/01904167.2020.1845375&domain=pdf&date_stamp=2020-11-17
http://crossmark.crossref.org/dialog/?doi=10.1080/01904167.2020.1845375&domain=pdf&date_stamp=2020-11-17

JOURNAL OF PLANT NUTRITION Taylor & Francis
https://doi.org/10.1080/01904167.2020.1845375 Taylor & Francis Group

‘ W) Check for updates

Role of mycorrhizae inoculations on nutrient uptake in rice
grown under aerobic and anaerobic water management

Md Toufiq Igbal?, Ibrahim. A. M. Ahmed®, Mehmet Isik, Fahmida Sultana?®, and
Ibrahim Ortas®

Department of Agronomy and Agricultural Extension, University of Rajshahi, Rajshahi, Bangladesh;
PDepartment of Soil Science, University of Khartoum, Khartoum, Sudan; “Department of Soil Science and
Plant Nutrition, University of Cukurova, Adana, Turkey

ABSTRACT ARTICLE HISTORY
Arbuscular mycorrhizae fungi (AMF) inoculums may decline in the rice field Received 11 July 2019
due to mostly cultivation of rice under anaerobic or flooded conditions. Accepted 17 August 2020

The mechanisms regulating such events are mainly unknown. This study
was undertaken to evaluate the effects of AMF on the growth response of
rice plant, leaf-level photosynthetic behavior, nutrient contents within rice
plant tissue and changes in bulk soil physiochemical properties under both
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aerobic and anaerobic water managements. A pot experiment was con- irreqularis; stomatal
ducted under growth chamber conditions. The experimental treatments conductance;
were control, Funneliformis mosseae and Rhizophagus irregularis x rice var- transpiration rate

iety BRRI Dhan 28 x Turkish Menzilat soil that grown under both aerobic
and anaerobic water regimes. The result showed that the width of leaf
blade at 12days after sowing (DAS) was similar between aerobic and
anaerobic water management due to mycorrhizae inoculation. Likewise,
shoot dry weight at 13 and 35 DAS was similar in both water regimes.
However, shoot dry weight at harvest was higher in anaerobic condition
than aerobic condition due to F. mosseae mycorrhizae species inoculation.
Root biomass gaps were reduced between two managements for mycor-
rhizae species inoculation. The assimilation rate was tended to be higher
in anaerobic than aerobic conditions. In contrast, intercellular carbon diox-
ide (CO,), stomatal conductance, and transpiration rate were higher in aer-
obic than anaerobic management. The result also showed that
mycorrhizae inoculation increase nutrient concentration within rice plant
tissue. Bulk soil physiochemical analysis demonstrated that the bioavailabil-
ity of nutrients increased in soil solution due to mycorrhizae species inocu-
lation. This study concluded that mycorrhizae can be utilized for rice
cultivation under both aerobic and anaerobic water managements.

Introduction

Rice plant is a semi-aquatic, adapted to a wide range of hydrologies, from aerobic soils in uplands
to anaerobic and flooded fields in waterlogged lowlands, to even deeply submerged soils in flood-
prone areas (Miro and Ismail 2013). Aerobic condition is a rice production system in which spe-
cially developed varieties are grown in well-drained, non-puddled and non-saturated soils. The
soil is therefore, aerobic or with oxygen throughout the rice growing season, as compared to
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Table 1. Experimental soil physical, chemical and biological properties.

) oC 10C TN Clay Silt  Sand P Fe  Mn Zn Cu
Soil pH CEC No. of AMF spores
(in H,0) g kg~ soil gkg™! cmolt kg™ mg kg~ in 10 g soil
7.56 096 377 0.08 3188 3609 3203 20.50 1450 248 384 024 1.16 98

All values were means of three replicates. Where OC: organic carbon; I0C: inorganic carbon; TN: total nitrogen; CEC: cation
exchange capacity; AMF: arbuscular mycorrhizae fungi.

traditional flooded fields, which are “anaerobic” or without oxygen throughout the rice growing
season (Sandhu et al. 2012).

Rice plants readily form mycorrhizal associations under upland conditions, but under sub-
merged conditions infection is rare due to the anoxic environment (Ilag et al. 1987). The colon-
ization of AMF decreased under flooding conditions (Vallino et al. 2009). In contrast, rice
seedlings are colonized well under drained upland conditions (Lumini et al. 2011). Some reports
have also revealed that inoculation of mycorrhizae in both high and low fertility soils could pro-
mote the nutrient acquisition of rice and increase rice yield under flooded conditions (Barea
1991). Also, AMF may tolerate waterlogged conditions resulting in fairly high colonization in rice
roots and best survival under submerged conditions (Purakayastha and Chhonkar 2001).

The AMF spore propagation techniques in both aerobic and anaerobic management practices
for rice plant response are not well documented. To get the maximum rice plant productivity, the
inoculation of the soil with a suitable type of AMF is necessary. The objectives of this study were
(i) To evaluate the effects of mycorrhizae species on rice plant growth response under both aer-
obic and anaerobic conditions (ii) To determine mycorrhizae species effect on photosynthetic
parameters of rice plant for both water managements (iii) To quantify the mycorrhizae effect on
rice plant tissue nutrient concentration under both water regimes (iv) To determine changes in
physiochemical properties of bulk soil that was amended with mycorrhizae species as well as
grown rice plant in both water regimes. We hypothesized that mycorrhizae will be enhanced rice
plant growth response and nutrient uptake for both aerobic and anaerobic water managements.

Materials and methods
Experimental soil

The experimental soil was collected from the Agricultural Research Farm of the Cukurova
University (37°00'54.31”N, 3521'21.56"E and 31 m above the mean sea level) in eastern part of
the Mediterranean region, Adana, Turkey. The annual precipitation of the collected soil site is
670.8 mm of which about 80% precipitation was received between November and April with a
mean annual humidity of 66% (Ortas 2012; Ortas, Igbal, and Yicel 2019). Basic physiochemical
properties of this experimental soil are shown in Table 1. Soil physiochemical properties were
analyzed according to Page, Miller, and Keeney (1982). Indigenous spores were extracted from
the collected soil samples taken in early autumn using the wet-sieving technique (Gerdemann and
Nicolson 1963; Jones 1998).

Source or production of mycorrhizae inocula

Commercial AM fungus species Funneliformis mosseae (BGCXJ01A) and Rhizophagus irregularis
(isolate BEG 21), were provided from the Rhizosfer Lab at Cukurova University-Turkey. Spores
of Funneliformis mosseae were germinated with maize (Zea mays L.) variety of Varenne on clean
fine sand in greenhouse conditions (35/20°C, day/night; relative humidity, 60%). Three months
later, the mean mycorrhizal colonization was assessed (91.7%). The F. mosseae inoculant consisted
of spores (~26 spores g '), external hyphae, and infected root segments in addition to the sand.
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Similarly, the collected mycorrhizal fungal species Rhizophagus irregularis (isolate BEG 21,
Genbank accession number DQ377990) was propagated separately in the greenhouse in pots, con-
taining a 3:17 (v/v) soil:sand-mixture planted with Zea mays. The soil:sand-mixture had been ino-
culated with 5% inoculum of the respective fungal isolate. Every second week, pots received 20 ml
of a modified Hoagland solution (Hoagland and Arnon 1950), containing one quarter of the ori-
ginal P concentration. A control inoculum, not containing AMF propagules, was produced under
the same conditions. After three months of growth, pots were dried, emptied, and roots were cut
into <5cm pieces and homogeneously mixed with the experimental substrate.

Crop variety

The BRRI Dhan 28 rice variety was used as a testing plant. It is resistant to the important disease
like blast. The BRRI Dhan 28 is a cross parent of BR6 and Purbachi, a Chinese rice variety.

Experimental design

The experiment was conducted in a randomized complete block design (RCBD) with three repli-
cates. The main treatments were control, F. mosseae and R. irregularis for mycorrhizal fungal
inoculation. The sub-treatments were aerobic (non-flooded) and anaerobic (flooded) water man-
agement or water regimes. Turkish Menzilat soil was used in this study. F. mosseae known as
Glomus mosseae and R. irregularis known as Glomus intraradices. Rice variety was BRRI Dhan 28
was used.

Experimental procedure

Collected soil samples were sterilized by autoclave for 2hr at 121°C. This was to eliminate the
indigenous mycorrhizae spores. Initially, 2.5kg of each sterilized soil samples were placed within
snap polythene bags. After that phosphorus (50kg P,Os ha™! ie, 0.3g P,Os in each pot) was
added in each polythene bags and mixed properly. A 50g of sieved (2mm dia) mycorrhizae F.
mosseae and R. irregularis were mixed thoroughly within soil. Level of mycorrhization for F. mos-
seae and R. irregularis were 68 and 158 spores, respectively. Single and double polythene bags
were used for maintaining aerobic and anaerobic water regimes to avoid water leakage from the
polythene. A 13g of sterilized control, and AMF inoculums were also added in each pot after
sowing of pre-germinated rice seed. Water was maintained to field capacity up to 9days after
sowing (DAS). Rice plants were grown in a plant growth room with day/night temperatures of
20/18°C, 10 hr dark and 14 hr light conditions and an average light intensity of 360 uM photons/
m?*/s. Each pot was repositioned within the plant growth room to avoid positional errors during
the rice plant growth period. Aerobic and anaerobic conditions for the water management practi-
ces were started in several pots according to treatments at 10 DAS. The width of leaf blade was
measured at 12 DAS (Shaibur, Shamim, and Kawai 2008). Rice seedlings were thinned to 10
plants in each pot at 13 DAS. Initially, shoot dry weight was measured at 13 DAS. Again, rice
plants were thinned to 5 plants in each pot at 33 DAS and shoot dry weight were recorded
at harvest.

Fertilizer application

Phosphorus was applied as a basal dose at the rate of 50kg P,Os ha~'. NH,NO; was used as
nitrogen (N) source and applied as several split doses during rice plant growing period. A
120ppm N was added in several split doses like 14, 24 and 28 DAS. K,SO, was added as a
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potassium (K) and sulpher (S) source at the rate of 14kg K/ha on 23 DAS. (NH,),Fe(SO,4),-6H,0
was applied as Fe fertilizer at 33 DAS.

Plant harvest, C/N analysis and nutrient content determination

Rice plants were harvested at 61 DAS. Roots were separated from the soil manually and were
washed with distilled water and oven-dried at 65°C for 48 hr, ground top truss through 0.5 mm
sieve and stored prior to analyses for nutrients concentration. Shoot and root total nitrogen and
carbon analysis were determined by combustion using a Thermo Fisher Scientific Flash 2000
Series CN Elemental Analyzer (Thermo Fisher Scientific, Waltham, MA, USA). For the determin-
ation of other macro and micro nutrients, ICPOES was used by dry ashing.

Root morphological characteristics measurement

The roots were separated from the shoots. The separated roots were washed 3-4 times with
deionized water. Then, the whole root system was scanned by a root-system scanner. Root mor-
phological characteristics was measured using the software WinRHIZO image analysis system
(WIN MAC, Regent Instruments Inc., Quebec, Canada, http://www.regentinstruments.com/)
(Arsenault et al. 1995).

Leaf-level photosynthesis and chlorophyll measurement

Photosynthetic parameters were measured from each live plant leaves at 30 DAS and 38 DAS
with portable photosynthesis system. Five live plants were considered during each measurement.
The instrument reference was LI-COR, Inc. (2016), LI-6800 portable photosynthesis system, soft-
ware version 1.0.LI-COR, Inc. Lincoln, NE. The LI-6800 was an open gas exchange system which
can measure the assimilation rate, intercellular CO,, stomatal conductance and transpiration rate.
Various photophysical processes controlled the energy state of chlorophyll during photosynthesis.
The chlorophyll content was determined through a chlorophyll meter (SPAD-502, Konica
Minolta Sensing Inc, Made in Japan).

Soil properties measurement

The pH of the bulk soil, organic carbon, the nitrogen content, available P, K were analyzed
according to Page, Miller, and Keeney (1982). Bulk soil available S was determined by the calcium
phosphate extraction method with a spectrophotometer at 535 nm (Petersen et al. 1996). The Zn
in the bulk soil sample was measured by an atomic absorption spectrophotometer (AAS) after
extracting with DTPA (Soltanpour and Schwab 1977).

Statistical analysis

Results were analyzed by a one-way or two-way analysis of variance (ANOVA) using Genstat
12th edn for Windows (Lawes Agricultural Trust, UK). The experimental design was mycorrhizae
species X management practices X rice variety BRRI Dhan 28 x Turkish Minzelat soil. Rice plant
growth and photosynthetic parameters were determined through management and treatment
interaction. In order to investigate the effect of mycorrhizae on root morphological characteris-
tics, rice plant tissue macro and micronutrient content and bulk soil physiochemical properties
data were analyzed using the Statistical Analysis System (SAS9.1.3). All the statistical testing was
performed based on a probability of >0.05 for the critical level for the significance of Tukey test.
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Figure 1: Effect of mycorrhizae species and management practices on length of leaf blade of rice seedlings. Vertical bars repre-
sent LSD (p > 0.05) for management x treatments interaction. Data were means of three replicates.

Results
Rice plant growth response

Length of leaf blade

Initially, the length of leaf blade significantly (p <0.01) differed between aerobic and anaerobic
conditions at the control (non-mycorrhizae added) pot (Figure 1; Table 2). However, mycorrhizae
inoculation to soil reduced the difference of width of leaf blade between two conditions and
width of leaf blade did not differ significantly (p > 0.05) between aerobic and anaerobic water
management. The width of leaf blade for the rice seedlings was 2.03, 2.54 and 2.37 cm for control,
Fu. mosseae and Rh. Irregularis, respectively under aerobic water regimes. Likewise, the width of
leaf blade for the rice seedlings was 2.71, 2.44 and 2.31cm for control, Fu. mosseae and Rh.
Irregularis, respectively under anaerobic management.

Shoot dry weight at 13 DAS

Rice seedlings responds tended to be better in anaerobic than aerobic water regimes at 13 DAS
when no mycorrhizae were added (Figure 2). However, both aerobic and anaerobic managements
did not differ for the mycorrhizae inoculation. The shoot dry weight at 13 DAS under aerobic
conditions was 7.56, 7.53 and 6.98 mg/plant for control, Fu. mosseae and Rh. Irregularis, respect-
ively. Whereas, for anaerobic water regimes it was 8.68, 6.54 and 6.88 mg/plant, respectively.

Shoot dry weight at 35 DAS

Shoot dry weight at 35 DAS was higher in anaerobic than aerobic water management in all treat-
ments (Figure 3). In anaerobic condition, shoot dry weight at 35 DAS for control, F. mosseae and R.
irregularis were 0.68, 0.76 and 0.91 g/plant, respectively. In aerobic condition, shoot dry weight at 35
DAS for control, F. mosseae and R. irregularis were also 0.53, 0.64 and 0.59 g/plant, respectively.

Shoot dry weight at harvest
Shoot dry weight at harvest was tended to be higher in anaerobic than aerobic water regime
(Figure 4). Shoot dry weight at harvest for control, F. mosseae and R. irregularis were 1.19, 0.90
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Table 2. Level of significance for the main and interactive effect of management and treatment on rice plant above biomass
growth response.

Shoot dry weight ~ Shoot dry weight  Shoot dry weight Root dry weight

Source of variation Length of leaf blade at 13 DAS at 35 DAS at harvest at harvest
Management * ns. ns. * *
Treatment n.s. ns. ns. ns. *
Management ok ns. ns. ns. ok

X Treatment

Where n.s. *, ** and ***represents probability of >0.05, <0.05, <0.01 and <0.001, respectively. Values were means of three
replicates; DAS: days after sowing.
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Figure 2. Effect of mycorrhizae and management practices on shoot dry weight at 13 DAS. Vertical bars represent LSD
(p > 0.05) for management x treatments interaction. Data were means of three replicates.
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Figure 3. Effect of mycorrhizae and management practices on shoot dry weight at 35 DAS. Vertical bars represent LSD
(p > 0.05) for management X treatments interaction. Data were means of three replicates.
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Figure 4. Effect of mycorrhizae and management practices on shoot dry weight at 35 DAS. Vertical bars represent LSD
(p > 0.05) for management X treatments interaction. Data were means of three replicates.

and 1.07 g/plant, respectively for aerobic water regime. Whereas, shoot dry weight at harvest for
control, F. mosseae and R. irregularis were 1.31, 1.36 and 1.13 g/plant, respectively for anaerobic
water management.

Root dry weight at harvest

Root dry weight at harvest declined significantly (p <0.01) due to mycorrhizae inoculation for
the aerobic water management. The root dry weight for control, F. mosseae and R. irregularis
were 0.99, 0.41 and 0.68 g/pot, respectively under aerobic water regimes. Under anaerobic condi-
tions, the root dry weight for control, F. mosseae and R. irregularis were 0.44, 0.50 and 0.54 g/pot,
respectively (Figure 5).

Leaf-level photosynthesis and chlorophyll

Assimilation rate

Assimilation rate did not differ between management and treatment interaction (Table 3). At 30
DAS, assimilation rate for control, F. mosseae and R. irregularis were 2.28, 2.95 and 3.17 pmol
m~ > s, respectively for aerobic water management and 3.59, 3.90 and 5.49 3.17 pmol m > s~ !
for anaerobic water management. At 38 DAS, assimilation rate for control, F. mosseae and R.
irregularis under aerobic condition was 3.93, 1.86 and 1.64 umol m > s, respectively. Similarly,
assimilation rate for control, F. mosseae and R. irregularis under anaerobic water regimes was

4.20, 3.19 and 3.17 umol m ™2 s, respectively.

Intercellular CO,

Intercellular CO, was higher in aerobic than anaerobic water regimes at both 30 and 38 DAS.
Intercellular CO, was highest in F. mosseae followed by control and R. irregularis in both water
managements as well as both DAS except R. irregularis that were lower than control at 30 DAS
(Figure 6).
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Figure 5. Effect of mycorrhizae and management practices on root dry weight at harvest. Vertical bars represent LSD (p > 0.05)
for management x treatments interaction. Data were means of three replicates.

Table 3. Macronutrient content of rice plant tissue that grown under mycorrhizae amendment in both aerobic and anaerobic
managements.

Macronutrients

P (%) K (%) Ca (%) Mg (%) N (%) C (%)

Management Treatment  Root Shoot Root Shoot Root Shoot Root Shoot Root Shoot Root Shoot

Aerobic Control 0.16ab 0.17d 0.17a  3.23b 3.41b 0.86¢ 0.24a 0.20b 26a 3.6b 40a 36ab
F. mosseae  0.17a  0.20cd 0.13bc 3.13b 233b 2.05ab 0.16b 030a 24ab 4.4a 40a 31c
R. irregularis  0.13ab  0.25bc 0.15ab 3.06b 4.62a 1.74abc 0.24a 0.25ab 2.0d 3.9ab  34c 35ab
Anaerobic Control 0.11b 033a 0.12c 4.00a 240b 1.10bc 0.15b 0.29a 23bc 4.2a 41a  35ab
F. mosseae  0.16ab 0.27b  0.10d  3.13b 2.52b 2.45a 0.16b 0.32a 2.1d 4.0ab 37b 33bc
R. irregularis  0.15ab  0.28b  0.09d 3.22b 2.83b 1.25bc 0.16b 0.26ab 2.2cd 4.3a 36bc  37a

Data were means of three replicates. Means with the same letter are not significantly different.
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Figure 6. Intercellular CO, at (a) 30 DAS and (b) 38 DAS for the rice plant grown in controlled environment condition. Data were
means of three replicates. Vertical bar represents LSD (p > 0.05) for management x treatment interaction.
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Figure 7. Stomatal conductance to water vapor at (a) 30 DAS and (b) 38 DAS for the rice plant grown in controlled environment
condition. Data were means of three replicates. Vertical bar represents LSD (p > 0.05) for management X treatment interaction.

Stomatal conductance

In general, stomatal conductance at water vapor did not change remarkably from 30 to 38 DAS
(Figure 7). Mycorrhizae inoculation tended to be reduced stomatal conductance for the aerobic
condition. In contrast, mycorrhizae inoculation tended to be increased stomatal conductance for
the anaerobic condition. The F. mosseae has higher stomatal conductance than R. irregularis
under aerobic management. Whereas, R. irregularis has higher stomatal conductance than F. mos-
seae under anaerobic management. Statistical analysis data showed that management as well as
management X treatment interaction was significant (p <0.05) at 30 DAS. However, only treat-
ment was not significant (p > 0.05) at 30 DAS (Table 4).

Transpiration rate

The transpiration rate was 0.0071, 0.0068 and 0.0057 mol m 2sec”' at 30 DAS for control, F.
mosseae and R. irregularis, respectively under aerobic water regimes (Figure 8a). In contrast, the
transpiration rate was 0.0038, 0.0042 and 0.0056 mol m ™ “sec” ' at 30 DAS for control, F. mosseae
and R. irregularis, respectively under anaerobic water management.

The transpiration rate at 38 DAS for control, F. mosseae and R. irregularis were 0.0049, 0.0035
and 0.0047 mol m™~?sec” ', respectively under aerobic condition. Similarly, the transpiration rate at
38 DAS for control, F. mosseae and R. irregularis were 0.0043, 0.0048 and 0.0039 mol m “sec ',
respectively under anaerobic management.

Chlorophyll content within rice plant leaves

Chlorophyll content within rice plant leaves tended to be reduced due to mycorrhizae inoculation
for aerobic water management or aerated condition (Figure 9). The chlorophyll content within
rice plant leaves for control, F. mosseae and R. irregularis were 32.43, 27.03 and 25.35, respectively
for aerated water management. In contrast, chlorophyll content within rice plant leaves tended to
be increased due to mycorrhizae inoculation for anaerobic water management. The chlorophyll
content of rice plant leaves for control, F. mosseae and R. irregularis were 28.17, 29.37 and 32.17,
respectively for the anaerobic water management (Figure 9).

Root morphological characteristics

Root proliferation was more in aerobic than anaerobic water regimes (Table 5). The difference of
root proliferation was minimized when mycorrhizae was added. In contrast, root diameter was
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Figure 8. Transpiration rate at (a) 30 DAS and (b) 38 DAS for the rice plant grown in controlled environment condition. Data
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Figure 9. Chlorophyll content of rice plant leaves at 32 DAS that grown in controlled environment condition. Data were means
of three replicates. Vertical bar represents LSD (p > 0.05) for management x treatment interaction.

Table 5. Root morphological characteristics of rice plant that grown under both aerobic and anaerobic managements with
mycorrhizae inoculated soil.

Root volume Total root length Average root Root surface area
Management Treatments (cm3/pot) (cm/pot) diameter (mm) (cmz/pot)
Aerobic Control 5.70a 10052a 0.388a 813.33a
F. mosseae 5.29ab 4501b 0.387a 652.33b
R. irregularis 4.93bc 4280b 0.333b 541.67bc
An-aerobic Control 4.26¢ 4276b 0.321b 534.67bc
F. mosseae 3.51d 4021b 0.312b 513.67¢
R. irregularis 3.49d 3592b 0.262c 376.33d

Data were means of three replicates. Means with the same letter are not significantly different.

more in anaerobic condition than aerobic condition. Root diameter varies 0.26 to 0.32mm for
aerobic and varies 0.33 to 0.39 mm for anaerobic conditions, respectively.

Bulk soil physiochemical properties

Changes in bulk soil physiochemical properties due to mycorrhizae inoculation for Turkish
Menzilat soil that grown in rice plant under aerobic and anaerobic water regimes are shown in
Table 6. Mycorrhizae application increases bulk soil available N and P. AM fungi increased bulk
soil pH 0.10 units. The AMF application increase bulk soil organic matter in both water
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Table 7. Micronutrient content within rice plant tissue that grown under mycorrhizae amended Turkish Minzalat soil in aer-
obic and anaerobic conditions.

Micro nutrients

Cu (ppm) Fe (ppm) Zn (ppm) Mn (ppm)
Managements Treatments Root Shoot Root Shoot Root Shoot Root Shoot
Aerobic Control 19.37ab 2.40ab 1480cd 208b 46a 22b 92bc 199b
F. mosseae 24.73a 2.10b 1046d 201b 66a 30ab 107c 103b
R. irregularis 12.67b 3.97ab 2222b 554b 49a 39a 143bc 162b
Anaerobic Control 15.87b 4.93a 1582cd 429b 53a 30ab 460bc 199a
F. mosseae 12.33b 3.73ab 2945a 2163a 48a 34ab 563a 329a
R. irregularis 16.20b 3.33ab 1907bc 406b 82a 40a 469ab 230a

Data were means of three replicates. Means with the same letter are not significantly different.

managements. The bulk soil Ca content varies 22.74 to 26.95ppm for aerobic condition and
22.02 to 25.87 ppm for anaerobic condition. The bulk soil Mg content varies 3.11 to 3.58 me/100 g
for aerobic condition and 2.65 to 3.58 me/100 g for anaerobic condition. Bulk soil S significantly
(p <0.05) increased with mycorrhizal fungi inoculums. Bulk soil B content was 0.84, 0.62 and
0.65ppm for control, F. mosseae and R. irregularis, respectively at aerobic water management.
Whereas, bulk soil B content was 0.52, 0.68 and 0.59 ppm for control, F. mosseae and R. irregula-
ris, respectively at anaerobic water management. Bulk soil Cu and Fe content increased due to
mycorrhizae species inoculation. Bulk soil Mn content for control, F. mosseae and R. irregularis
were 6.60, 4.13 and 4.90 ppm, respectively at aerobic management. Whereas, soil Mn content for
control, F. mosseae and R. irregularis were 6.37, 6.23 and 7.47 ppm, respectively at anaerobic
water management. Bulk soil Zn content for control, F. mosseae and R. irregularis were 0.54, 1.05
and 0.80 ppm, respectively at aerobic management. Whereas, soil Zn content for control, F. mos-
seae and R. irregularis were 0.46, 1.00 and 1.17 ppm, respectively at anaerobic water regimes. The
AMF spores for were 97, 152 and 243 for control, F. mosseae and R. irregularis, respectively for
the aerobic management. Whereas, AMF spores for were 94, 143 and 241 for control, F. mosseae
and R. irregularis, respectively for the anaerobic water management.

Rice plant tissue macro nutrient content

Rice plant tissue macronutrient content due to mycorrhizae inoculation that grown under both
aerobic and anaerobic water managements is shown in Table 3. Root N concentration declined
due to mycorrhizae inoculation under both aerobic and anaerobic water regimes. In contrast,
shoot N concentration increased due to mycorrhizae inoculation in both water managements.
Plant tissue C was similar in root and shoot for mycorrhizae inoculation as well as both soil con-
ditions. Mycorrhizae species inoculation increased shoot P concentration 0.03 and 0.08% for Fu.
mosseae and Rh. irregularis, respectively for the aerobic management. Shoot K concentration
declined due to mycorrhizae inoculation under aerobic and anaerobic soil condition. On average,
shoot Ca concentration increased 2 to 3 times due to mycorrhizae inoculation in both aerobic
and anaerobic conditions. Shoot Mg concentration increased by 1.7% due to mycorrhizae inocula-
tion for the aerobic management.

Rice plant tissue micro nutrient content

Rice plant tissue micronutrient content due to mycorrhizae inoculation that grown under both
aerobic and anaerobic water regimes is shown in Table 7. Shoot Cu content declined with mycor-
rhizae inoculation due to anaerobic management. Whereas, shoot Mn content increased due to
mycorrhizae inoculation under both managements. The shoot Fe content was 1.5 to 7 times
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Figure 10. Assimilation rate at (a) 30 DAS and (b) 38 DAS for the rice plant grown in controlled environment condition. Data
were means of three replicates. Vertical bar represents LSD (p > 0.05) for management x treatment interaction.

higher than the root Fe content. Shoot Zn content increased due to mycorrhizae inoculation
under both managements.

Discussion
Effect of AMF on rice productivity

Rice plant responded better in Fu. mosseae than Rh. irregularis mycorrhizae species inoculated
pot. Both mycorrhizae species were different in their effect on rice plant growth response, leaf
level photosynthesis, chlorophyll content, nutrient uptake and bulk soil physiochemical properties.
Initially, AMF has no remarkable effect on above ground biomass for the anaerobic management.
However, in course of time, above ground biomass tended to be increased due to AMF inocula-
tions under anaerobic management. Similarly, root proliferation tended to be increased for the
effect of AMF under anaerobic water regimes (Figures 1-5). The F. mosseae mycorrhizae species
amended rice plant has higher intercellular CO, than at the control and Rh. irregularis treatments
in both water managements (Figure 6). Similarly, transpiration rate at 38 DAS tended to be
higher in anaerobic condition than aerobic condition for the F. mosseae mycorrhizae species
inoculation (Figure 8). Likewise, stomatal conductance at 38 DAS was higher in aerobic than
anaerobic water regimes for the F. mosseae mycorrhizae species inoculation (Figure 7). The F.
mosseae increase bulk soil organic carbon, N, K, Mg and Zn as compared to control and R. irreg-
ularis treatments (Table 6). The F. mosseae also has high root P concentration in both aerobic
and anaerobic water managements (Table 3). Other study also found that inoculation by F. mos-
seae had a beneficial effect on P uptake under flooded and non-flooded conditions (Lumini et al.
2011). The shoot Ca concentration was highest in F. mosseae amended treatment among other
treatments in both water regimes. The F. mosseae had tended to be higher shoot Cu and Zn con-
tent than R. irregularis for the aerobic management (Table 7).

A poor affectivity of R. irregularis cannot be explained by the lower growth response of rice
plant, leaf level photosynthesis, rice plant tissue nutrient content and changes in bulk soil physio-
chemical properties. It might be related to poor development and activity of the external hyphae,
low hyphal transport rates and poor solute interchange at the arbuscule-host root cell interface
(Marschener 1998).
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Mycorrhizae enhances growth response of rice plant

Mycorrhizae species inoculation enhances growth response of rice plant. Shoot dry weight (SDW)
at 13 DAS was similar at both water regimes and mycorrhizae species. However, SDW increased
due to mycorrhizae inoculation as compared to control treatment at 35 DAS. It indicates mycor-
rhizae species help to increase nutrient uptake by rice plant that resulted in more shoot prolifer-
ation with respect to the maturity of rice plant. Other study also found that mycorrhizae species
enrichment greatly improved the soil nutrients such as N and P as well as the growth of rice
plants (Yeasmin et al. 2007). It does, however, support our hypothesis that inoculated rice plants
will have a more positive response than those not inoculated with any mycorrhizal fungi under
both non-flooded and flooded soil conditions.

Findings also showed that the length of leaf blade significantly (p <0.01) increased due to
mycorrhizae species inoculation at aerobic condition (Figure 1). Similarly, root dry weight tended
to be increased due to mycorrhizae species inoculation under anaerobic conditions (Figure 5).
We speculated that mycorrhizae species can improve rice plant growth under anaerobic condi-
tions through increased stomatal conductance and transpiration rates.

Management variation

Anaerobic water management responded better within rice plant tissue than aerobic water man-
agement. Rice plant growth, photosynthetic parameters, chlorophyll content, plant tissue nutrient
content and bulk soil properties differed between two water management practices. The plants
grown under anaerobic conditions produced a significantly larger amount of above ground bio-
mass than those grown under aerobic conditions (Figures 3 and 4). Transpiration rate declined
under aerobic management due to AMF inoculation. In contrast, transpiration rate increased at
anaerobic management due to AMF inoculations (Figure 8). Furthermore, non-mycorrhizae have
less effect on assimilation rate for both managements. However, mycorrhizae inoculation tended
to have greater effect on aerobic and anaerobic water management for the assimilation rate of
rice plant. The AMF spores were less in anaerobic management than aerobic management.

Bulk soil organic matter decreased from aerobic to anaerobic condition in both mycorrhizae
and non-mycorrhizae inoculation. The organic matter content may decrease under anaerobic con-
dition because of oxidation. The mycorrhizae species inoculations are obligate aerobes, accord-
ingly, a low colonization rate of roots under anaerobic conditions could be the result of lower
oxygen availability to mycorrhizal fungi (Hajiboland, Aliasgharzad, and Barzeghar 2009). In add-
ition, soil organic matter decomposition occurred more in anaerobic management than the aer-
obic water management. This resulted less bulk soil organic matter in anaerobic than aerobic
water regimes (Table 6).

Photosynthetic transpiration rate, intercellular CO,, stomatal conductance and chlorophyll
content tended to be higher in aerobic condition than anaerobic condition. Assimilation rate at
30 DAS increased due to mycorrhizae species inoculation in both aerobic and anaerobic water
regimes. This photosynthesis senescence was mainly related to the loss of chlorophyll. There may
be possibility that photosynthesis activity and chlorophyll content decreased within rice plant dur-
ing senescence that resulted higher photosynthetic activity in aerobic than anaerobic water
regimes (Kura-Hotta, Satoh, and Katoh 1987).

How mycorrhizae species works under anaerobic condition?

Mycorrhizae species may survive under anaerobic water regimes on rice fields in association with
rice roots under anaerobic conditions because it obtains O, from the atmosphere through rice
plant aerenchymatous tissue. Our findings showed that the length of leaf blade at 12 DAS tended
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to decline depending on the mycorrhizae species amended treatment at anaerobic management
(Figure 1). However, shoot dry weight of rice plant increased at 35 DAS in mycorrhizae amended
treatment under anaerobic water regimes (Figure 3). This could be due to the reason that initially
mycorrhizae species could not start it activities properly due to lacking of O, under anaerobic
condition. In course of time, rice seedling supply O, to the soils that help mycorrhizae species to
supply essential nutrients for the rice plant at anaerobic condition. This supports our macro and
micro nutrient concentration in shoot of rice plant. We found that shoot macro nutrient concen-
tration (N, P, K, C, Mg, Ca) was higher in anaerobic condition than aerobic condition (Table 3).
Similarly, shoot micronutrient (Cu, Fe, Zn and Mn) content was higher in anaerobic condition
than aerobic condition (Table 7). Bulk soil pH increased 0.10 to 0.23 units from aerobic to anaer-
obic water management (Table 6). There may be possibility that AM fungi inoculations can sur-
vive under anaerobic condition due to its high soil pH. Taken as a whole, the data shows that
mycorrhizae species inoculations can grow in flooded soil and that flooding itself is not respon-
sible for the lack of the symbiosis. Because, continuous flooding may widen the rice root area
occupied by the aerenchyma. These root changes, which become more pronounced over time,
may explain why in anaerobic condition, mycorrhizae species can grow with the age of the rice
plant (Solaiman and Hirata 1995, 1998).

Regardless of that assimilation rate at 30 and 38 DAS tended to be increased in anaerobic con-
dition than aerobic condition (Figure 10). Similarly, chlorophyll content at 32 DAS tended to be
increased in mycorrhizae species amended treatment (Figure 9). This may be due to the reason
that mycorrhizae inoculated rice plant grows better in anaerobic than aerobic water management.

Leaf level photosynthetic relationship

The findings suggested that the reduction of stomatal conductance is mainly decreasing in the
number of chlorophyll by rice plants under aerobic condition. The chlorophyll content of leaves
also decreased during senescence, suggesting that the loss of chlorophyll is a main cause of inacti-
vation of photosynthesis. The decline in the chlorophyll content was, however, significantly
slower than the loss of photosynthetic activity. Consequently, stomatal conductance evolution
determined on the basic of portable photosynthesis decreased with lowering leaf positions. The
results indicate that the loss of chlorophyll is not the sole cause of the inactivation of photosyn-
thesis. Chlorophyll content, transpiration rate and stomatal conductance to water vapor showed
similar trend (Figures 8 and 9). Mycorrhizae species addition increased stomatal conductance in
aerobic condition. Whereas, in anaerobic condition, mycorrhizae species addition decreased sto-
matal conductance (Figure 7). Higher rates of photosynthesis have often been shown by AM
fungi inoculated rice plants in comparison to their non-AM counterparts under anaerobic condi-
tions, which are consistent with the effects of mycorrhizae on chlorophyll content and transpir-
ation rate for the anaerobic management.

The most remarkable events in leaf senescence are the loss of chlorophyll and the disassembly
of the photosynthetic apparatus, which result in decreases in the photosynthetic energy conver-
sion capacity and efficiency. Transpiration rate at 30 DAS and chlorophyll content at 32 DAS
showed a similar response. At aerobic management, mycorrhizae inoculation tended to be
declined both assimilation rate and chlorophyll content of rice plant leaves (Figures 8-10). It has
been recognized that the chlorophyll content of rice plant leaves related to transpiration rate.
These results suggest that photosynthesis and growth potential in rice plant could be enhanced by
truncated light-harvesting chlorophyll antenna size. A major limitation to efficient photosynthesis
is that chlorophyll antennae absorb more light energy than the capacity of photosynthetic system
to use it for carbon assimilation.

It is well known that the establishment and maintenance of mycorrhizal symbiosis is linked to
a flow of carbon from the host plant to the fungus. Accordingly, a substantial proportion of
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photosynthates allocated to the roots, is required for symbiosis. Environmental conditions such as
shading and defoliation, which limit photosynthates supply to plants, also depress colonized
plants growth (Marschener 1998). Therefore, depression of plant yield in response to mycorrhizae
species colonization in this work, could be well explained by competition of fungus with plants
for photosynthates, because of a low photosynthesis rate of plants, which is most likely due to a
low light intensity in the growth chamber (400 umol m~? s~') compared with open field condi-
tions (1700-2000 umol m~* s~ '). However, this explanation could not be applied for mycorrhizal
plants under flooded conditions. The cause of different mycorrhizal responsiveness of flooded
and non-flooded plants could not be interpreted by their flooding response when nonmycorrhi-
zal. It is likely the result of a specific interaction between AMF and rice plants which is likely
established only under flooded conditions.

Effect of mycorrhizae species on nutrient concentration within rice plant tissue

Mycorrhizae species improves plant access to N, P, Ca, Mg, Zn and other mineral nutrients in
exchange for photosynthates provided by the host plant. Mycorrhizae species enhances Ca and
Mg accumulation in above ground biomass of rice plant in both managements (Table 3).
Findings also showed that rice plant shoot N, P, Ca and Mg concentration increased significantly
(p <0.05) due to mycorrhizae inoculation at aerobic condition. Other studies also found that
mycorrhizae species enhances N, K, Zn, Ca and Mn uptake by lettuce and kidney bean (Azcdn,
Ambrosano, and Charest 2003; Ortas and Akpinar 2006). Shoot Zn concentration of rice plant
increased significantly (p <0.05) due to F. mosseae and R. irregularis mycorrhizae species inocula-
tion under both water managements (Table 7). Other study also found that F. mosseae and R.
irregularis helped rice plant to increase Zn uptake (Hajiboland, Aliasgharzad, and Barzeghar
2009). They speculated that increased absorption surface as a result of arbuscular mycorrhizal col-
onization may be of particular importance for Zn uptake compared to other nutrients. Other
study also speculated that root exudation of organic compounds into the rhizosphere is one of
the important determinants of Zn uptake by aerobic rice (Gao, Zhang, and Hoffland 2009).

Shoot N concentration increased significantly (p <0.05) due to mycorrhizae inoculation for
the aerobic condition (Table 3). This shoot N concentration in anaerobic soil is peculiar because
the physiochemical conditions governing the nutrient supply at the root surface are usually
extremely different from the bulk soil. Also, rice roots take up N primarily as NH,*, resulting in
a release of H" by roots and a consequent decrease in rhizosphere pH. In the case of aerobic rice
cultivation, the shift of the dominant form of N uptake from NH," to NO; ™ is expected to lead
to exudation of OH™ into the rhizosphere resulting in an increase in rhizosphere pH with a sub-
sequent increased in Zn availability. The shift in rhizosphere pH as a result of changing N
dynamics may be the cause of the increased shoot Zn content observed in rice grown in aerobic
management compared to anaerobic management in this Turkish Menzilat soil (Gao, Zhang, and
Hoffland 2009).

Effect of mycorrhizae species inoculation on bulk soil physiochemical properties

Mycorrhizae species enhance bioavailability of nutrient in bulk soil. Findings showed that mycor-
rhizae species inoculation significantly (p <0.05) increase in N availability in bulk soil at both
water managements. Similarly, bulk soil organic carbon increased significantly due to mycorrhizae
inoculation under both water managements (Table 6). Bulk soil pH increased 0.1 units from aer-
obic to anaerobic management. In contrast, bulk soil organic C and N declined 0.1 and 0.01 unit,
respectively from aerobic to anaerobic management. Bulk soil P and Zn increased significantly
(p <0.05) due to mycorrhizae inoculation in both managements (Table 6). This could be due to
reason that AMF can help to mobilize P and Zn nutrition within soil solution.
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Conclusion

This study concerns the role of mycorrhizae species on rice plant growth response, leaf level
photosynthesis, rice plant tissue nutrient concentration and physiochemical properties of bulk soil
under both aerobic and anaerobic water managements. This study showed that the utilization of
mycorrhizae species enhanced rice plant growth due to their improved nutrient concentration of
P, K and N within rice plant tissue. Both F. mosseae and R. irregularis mycorrhizae species
responded for growth, leaf level photosynthesis, plant tissue nutrient concentration and bioavail-
ability of nutrients in bulk soil. This study also demonstrated that both mycorrhizae species can
be utilized for rice cultivation under aerobic and anaerobic water management. This study sug-
gests that mycorrhizae species can improve rice plant growth under anaerobic conditions through
increased stomatal conductance and transpiration rates. The results partly support our hypothesis
that mycorrhizae species can be utilized for rice cultivation under both aerobic and anaerobic
water managements.
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