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Abstract Drought or water deficit is a major abiotic stress

that can reduce growth and productivity in the rice crop

especially in the rain-fed areas, which face long-term water

shortage. The objective of this investigation was to pro-

mote the drought tolerant abilities in pigmented rice cv.

‘Hom Nil’ at booting stage using arbuscular mycorrhizal

fungi (AMF)-inoculation, mixed spores of Glomus

geosporum, G. etunicatum and G. mosseae in the soil

before rice seedling transplantation. At booting stage, the

AMF-inoculated (?AMF) and AMF-uninoculated plants

(-AMF) were subjected to control (well-watering; 46.6%

SWC) and water deficit condition (14 days water with-

holding; 13.8% SWC). Colonization percentage in the

AMF-inoculated root tissues were evidently proved in both

with and without water deficit conditions, leading to ele-

vate total phosphorus in root and leaf tissues. Interestingly,

sucrose and total soluble sugar concentration in the flag

leaf were increased by 5.0 folds and 1.5 folds, respectively

in the plants under water deficit (WD). Free proline was

accumulated in flag leaf when exposure to water deficit,

subsequently regulated by AMF-inoculation. Total soluble

sugar and free proline enrichment in ‘Hom Nil’ was a

major mode of osmotic adjustment to control osmotic

potential in the cellular level when exposed to water deficit,

leading to maintained photosynthetic abilities and growth

performances. Concentration of chlorophyll b in AMF-

inoculated plants under water deficit stress was retained,

causing to improve chlorophyll fluorescence and net pho-

tosynthetic rate. Shoot height and number of tillers were

significantly declined by 12.5% and 11.6%, respectively,

when subjected to WD. At the harvest, grain yield, panicle

dry weight and fertility percentage of AMF-inoculated rice

from WD were greater than those without AMF by 1.5, 3.9

and 2.4 folds, respectively. Cyanidin-3-glucoside and

peonidin-3-glucoside concentrations in pericarp were

enriched in the grain derived from AMF-inoculation with

water deficit stress. Overall growth characters and physi-

ological adaptations in ‘Hom Nil’ grown under water

deficit condition were retained by AMF inoculation,

resulting in enhanced yield attributes and anthocyanin

fortification in rice grain.
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Abbreviations

AMF Arbuscular mycorrhizal fungi

C3G Cyanidin-3-glucoside

E Transpiration rate

Gs Stomatal conductance

Fv/Fm Maximum quantum yield of PSII

UPSII Photon yield of PSII

Pn Net photosynthetic rate
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P3G Peonidin-3-glucoside

WD Water deficit

Introduction

Rice is a major source of carbohydrate and a staple food

crop feeding half of world population (3.5 billion people),

especially in Asia (Kubo and Purevdorj 2004; Muthayya

et al. 2014). The major challenge among the agriculturists

is to double the production of the cereal grains to generate

food resources for world’s population, which is estimated

to reach 9 billion by 2050 (Tilman et al. 2002). In paddy

field, costs are distributed variably for land preparation

(25.27%), labor (19.72%), fertilizers (18.9%), pesticides

(11.56%), and manures (7.31%) (Nirmala and Muthuraman

2009; Adhikari 2011). Fertilizer application either via

chemical or manure supplements, is required in all the

growth and developmental stages of the rice production

(Peng et al. 2009). In general, the macronutrients i.e.

nitrogen, phosphorus and potassium, can easily be dis-

solved in the irrigated water, and therefore lost along with

surface runoff. This is especially common in case of

phosphorus (P), leading to deficiency of P in the next crop

cycle (Hart et al. 2004; Jian et al. 2016; Hua et al. 2017).

Plant inoculation with Arbuscular Mycorrhizal Fungi

(AMF) is one of the most common approaches to influence

host P status, growth regulation and yield improvement

(Gosling et al. 2006). AMF belonging to Glomeromycota

phylum have been categorized into four orders including

Diversisporales, Glomerales, Archaeosporales and Para-

glomerales to symbiont with root of host plants, in term of

hyphae, vesicle and arbuscules, regulating on photosyn-

thetic abilities, overall growth performance and resistant to

abiotic stresses, especially in rice crop (Panneerselvam

et al. 2017; Basu et al. 2018; Mbodj et al. 2018). In con-

trast, the inorganic fertilizer application, especially P in

rice crop negatively affects the AMF-activation, P avail-

ability, and P uptake/translocation, leading to slow growth

and yield reduction (Hajiboland et al. 2009; Frosi et al.

2016; Zhang et al. 2016). Now-a-days, total organic agri-

cultural land and organic foods have been continuously

increasing year by year (Reganold and Wachter 2016).

Low input rice production using organic farming system is

a good choice to reduce the production cost (chemical

fertilizers, pesticides, herbicides and fungicides) and pro-

duce premium quality and consumer friendly products with

low chemical contamination (Hokazono and Hayashi 2012;

Bacenetti et al. 2016).

Irrigation and water management in the paddy field with

declining fresh water in each developmental stage of rice

crop are the critical issues (Tuong and Bouman 2003;

Tuong et al. 2005; Tao et al. 2006). Moreover, rice

production in rainfed areas generally copes with water

shortage, since it depends on the annual precipitation and

irregularities in the rainfall may lead to yield losses up to

10–50% (Tuong and Bouman 2003; Wassman et al. 2009;

Li et al. 2015). In rice crop, plant have many strategies to

cope against drought conditions at morphological level

(growth inhibition), molecular level (up or down regulation

in drought related genes), biochemical level (osmoprotec-

tant accumulation/antioxidants production), physiological

level (chlorophyll degradation, PSII diminution, and

reduction in photosynthesis, transpiration, stomatal con-

ductance, and water use efficiency) and via inhibition of

yield attributes (Cattivelli et al. 2008; Serraj et al. 2011;

Pandey and Shukla 2015). Alternatively, AMF inoculation

has been well reported to improve the soil physical and

chemical properties, P availability in the root tissues of

host plants, and water availability, and in addition to that

being environmental friendly, it can be utilized in organic

farming systems (Gosling et al. 2006; Maiti et al. 2013;

Zhang et al. 2014). Plant–microbe crosstalk between hypha

of AMF (to consume soluble sugar as carbon source) and

root tissues of higher plants (to uptake P and translocate it

to other organs) has been well studied, and so did the

regulation of the expression of abiotic defensive responses

to alleviate the drought tolerant abilities (Garcı́a-Garrido

and Ocampo 2002; Hause and Fester 2005; Garg and

Chandel 2010; Haldar and Sengupta 2015). In case of rice

crop, several strains of AMF, i.e. Glomus fasciculatum, G.

etunicatum, G. mosseae, G. intraradices, Acaulospora sp.

and Scutellospora sp. have been employed to cope with

water deficit stress and to improve overall growth and

development (Solaiman and Hirata 1997; Zhang et al.

2014). Anthocyanin, a member of flavonoids groups,

common components of the human diet, presenting in

many foods, fruits, vegetables and cereal grains to play a

key role as antioxidant activity against chronic diseases

(Martı́n et al. 2017; Silva et al. 2017). In lettuce cvs.

Batavia Rubia Munguı́a and Maravilla de Verano, antho-

cyanins and soluble phenolic compounds in outer and inner

leaves upregulated by AMF-inoculation and cyclic drought

treatments (Baslam and Goicoechea 2012). In addition,

total pelargonidin concentration, a member of anthocyanins

in strawberry fruit cv. Selva is regulating by AMF co-

cultivation (Ligua et al. 2013). In pigmented rice crop,

there are a large number of research topics to mention on

the anthocyanin profiles i.e. peonidin-3-glucoside (P3G)

and peonidin-3-glucoside (P3G), especially black pericarp

of rice grain cultivars as Suwon#415, Kilimheugmi,

Suwon#425, Heugjinmi, Hom Nil, Niaw Dam, China Black

Rice (Ryu et al. 1998; Sompong et al. 2011; Tisarum et al.

2018). Hom Nil rice, a premium quality for human health is

non-glutenous rice with a dark-purple pericarp, which is

enriched by anthocyanins and total phenolic compounds
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(Pitija et al. 2013; Tisarum et al. 2018; Wongsa et al. 2018)

to function as antioxidant activities measuring by FRAP

(Ferric reducing antioxidant power), TEAC (Trolox

equivalent antioxidant activity), ABTS (2,20-azino-bis(3-
ethylbenzothiazoline-6-sulphonic acid) antioxidant activ-

ity, scavenging capacity of antioxidant using DPPH (2,2-

diphenyl-1-picrylhydrazyl) and antioxidant power (Sad-

abpod et al. 2010; Sutharut and Sudarat 2012; Daiponmak

et al. 2014; Thiranusornkij et al. 2018). In the present

study, we aimed to improve drought tolerant abilities in

pigmented rice cv. ‘Hom Nil’ using AMF-colonization and

to promote the anthocyanins in pericarp of the rice grain.

Materials and methods

Plant materials, AMF-inoculation and water deficit

treatment

Seeds of pigmented rice cv. ‘Hom Nil’ were sown in the

mixed soil (16% sand, 30% silk and 54% clay; EC =

2.69dS m-1; pH = 5.5; organic matter = 10.36%; total

nitrogen = 0.17%; total phosphorus = 0.07%, and total

potassium = 1.19%) for 4 weeks. Three leaves seedlings

were transplanted into clay pots containing 2 kg of the

sterilized mixed soil using autoclave equipment (121 �C
and 15 lb in-2 for 20 min). Two types of soil had been

prepared, (1) sterilized soil without arbuscular mycorrhizal

fungi (AMF), and (2) sterilized soil with AMF (240 spores

of G. geosporum, G. etunicatum and G. mosseae per pot).

In present study, AMF composing of three species of G.

geosporum, G. etunicatum and G. mosseae were collected

from the rainfed upland rice in the Northern region of

Thailand. The rice plants were grown in a net house under

500–1000 lmol m-2 s-1 photosynthetic photon flux den-

sity (PPFD) with a 10 h day-1 photoperiod, 35 ± 2 �C
(day time)/28 ± 2 �C (night time) temperature and

80 ± 5%RH until booting stage. Thereafter, six groups of

plants: well-watered without AMF (control; WW–AMF),

well-watered with AMF treatment (WW?AMF) and water

withholding for 14 days (water deficit; WD at 13.8% soil

water content) with (WD?AMF) or without (WD–AMF),

were set as the experimental layout (Fig. S1). Morpho-

logical characters, osmotic potential, free proline, soluble

sugar, chlorophyll concentration, chlorophyll fluorescence,

and net photosynthetic rate were measured in the control/

treated plants. In addition, the grain yield traits i.e. grain

yield per clump, panicle weight, panicle length, fertility

percentage, weight per 100-grains, and anthocyanin con-

centration in the pericarp of the rice grain were evaluated

after harvest (100 days after sowing).

AMF colonization assay

Fresh root samples (3.0 ± 0.5 cm in length) of rice crop in

each treatment were collected, washed with distilled water

and then cut into small pieces (* 1.0 cm length) and kept

in 60% ethanol (storage solution). Roots were washed

thrice with distilled water, transferred to 10% KOH and

incubated at 95 �C for 30 min for clearing. Cleaned roots

were washed with distilled water and then stained using

0.05% (w/v) Trypan blue for 15 min. AMF-colonization in

the roots was observed under light microscope (Zeiss,

Germany), and the mycorrhizal hyphae were counted

(Fig. S2), according to the method of Brundrett et al.

(1996). In brief, the number and frequency of mycorrhizal

hyphae in 10 possible intersects along the root tissues were

count and calculated the colonization using gridline inter-

section method.

Phosphorus analysis

Available phosphorus was extracted and determined spec-

trophotometrically as blue molybdate–phosphate com-

plexes under partial reduction with ascorbic acid (Jackson

1958). Briefly, one-hundred milligrams of dried root and

flag leaf samples in each treatment were ground, trans-

ferred to 1 mL digestion mixture (0.42 g Se, 14 g LiSO4-

2H2O to 350 mL H2O2, and 420 mL H2SO4) and then

placed on the hot plate (gradually increased from 50 to

150 �C) until the mixture turned back. Five-hundred

microliter of 72% HClO4 was added to each sample and

heated until the material became colorless. After cooling,

the samples were diluted with equal volume of HClO4,

filtered with filter paper (Whatman #42, England) and then

mixed with 0.5 mL of Barton’s reagent [25 g (NH4)6-
Mo7O24 (400 mL), 1.25 g NH4VO3 (350 mL) and HNO3

(250 mL)] for 10 min. Total phosphorus [mg g-1 dry

weight (DW)] was measured at 420 nm by UV-spec-

trophotometer (HACH DR/4000; Model 48,000, HACH

Company, Loveland, Colorado, USA) using KH2PO4 as a

calibration standard.

Plant biochemical analysis

Free proline in the flag leaf tissues was extracted and

analyzed according to the method of Bates et al. (1973).

Fifty milligrams of fresh material were ground with liquid

nitrogen in a mortar. The homogenate powder was mixed

with 1 mL of aqueous sulfosalicylic acid (3%, w/v) and

filtered through filter paper (Whatman #1). The extracted

solution was reacted with an equal volume of glacial acetic

acid and ninhydrin reagent (1.25 mg ninhydrin in 30 mL

glacial acetic acid and 20 mL 6 M H3PO4) and incubated

at 95 �C for 1 h. The reaction was terminated by placing
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the container in an ice bath. The reaction mixture was

mixed vigorously with 2 mL of toluene. After cooling to

25 �C, the chromophore was measured at 520 nm by UV–

VIS spectrophotometer using L-proline as a calibration

standard.

Soluble sugars (sucrose, glucose and fructose) in the flag

leaf tissues were assayed following the method of Karka-

cier et al. (2003). In brief, 50-mg of flag leaf sample were

ground in a mortar with liquid nitrogen. One mL of

nanopure water was added and centrifuged at 12,0009g for

15 min. The supernatant was collected and filtered through

a 0.45 lm membrane filter (VertiPureTM, Vertical�, Ver-

tical Chromatography Co., Ltd., Thailand). Twenty micro-

litres of the filtrate were injected into a Waters HPLC

(Waters Associates, Milford, MA, USA) equipped with a

MetaCarb 87C column and a guard column (Agilent

Technologies, Santa Clara, CA, USA). Deionized water

was used as the mobile phase at a flow rate of

0.5 mL min-1. The online detection was performed using a

Waters 410 differential refractometer detector and the data

was analyzed by Empower� software. Sucrose, glucose

and fructose (Fluka, USA) were used as the standards.

Plant physiological assay

Osmotic potential in the flag leaf of ‘Hom Nil’ rice was

measured, according to Lanfermeijer et al. (1991). In brief,

one hundred milligrams of fresh tissue were chopped into

small pieces, transferred to 1.5 mL micro tube, and then

crushed using a glass rod. The 20 lL of the extracted

solution was dropped directly onto a filter paper in an

osmometer chamber (5520 Vapro�, Wescor, Utah, USA)

and subsequently the data were collected. Then, the

osmolarity (mmol kg-1) was converted to osmotic poten-

tial (MPa) using conversion factor of osmotic potential

measurement.

Chlorophyll a (Chla), chlorophyll b (Chlb), total

chlorophyll (TC) concentration in the flag leaf tissues were

analyzed according to the method of Shabala et al. (1998),

whereas total carotenoid (Cx?c) concentration was assayed

following Lichtenthaler (1987) method. One hundred mil-

ligrams of leaf tissue was homogenized in glass vials using

10 mL of 99.5% acetone and blended using a homogenizer.

The glass vials were sealed with Parafilm� (Sigma-

Aldrich, USA) to prevent evaporation, and then stored at

4�C for 48 h. Chla and Chlb concentrations were measured

at 662 nm and 644 nm, whereas Cx?c concentration was

measured at 470 nm using UV–VIS spectrophotometer

against acetone (99.5%) as a blank.

Chlorophyll fluorescence emission was measured from

the adaxial surface of flag leaf using a fluorescence mon-

itoring system (model FMS 2; Hansatech Instruments Ltd.,

Norfolk, UK) in the pulse amplitude modulation mode

(Loggini et al. 1999). A leaf kept in dark for 30 min was

initially exposed to the modulated measuring beam of far-

red light (LED source) with typical peak at wavelength

735 nm. Initial fluorescence (F0) and maximum (Fm) flu-

orescence yields were measured under weakly modulated

red light (\ 85 lmol m-2 s-1) with 1.6 s pulses of satu-

rating light ([ 1500 lmol m-2 s-1 PPFD) and calculated

using FMS software for Windows�. The variable fluores-

cence yield (Fv) was calculated using the equation: Fv-
= Fm–F0. The ratio of variable to maximum fluorescence

(Fv/Fm) was calculated as the maximum quantum yield of

PSII photochemistry. The photon yield of PSII (UPSII) in

the light was calculated as: UPSII = (Fm
0 - F)/Fm

0 after

45 s of illumination, when steady state was achieved

(Maxwell and Johnson 2000).

Net photosynthetic rate (Pn; lmol m-2 s-1), transpira-

tion rate (E; mmol H2O m-2 s-1) and stomatal conduc-

tance (gs; mmol m-2 s-1) were measured using a

Portable Photosynthesis System with an Infra-red Gas

Analyzer (Model LI 6400, LI-COR� Inc., Lincoln,

Nebraska, USA). All parameters were measured continu-

ously by monitoring the content of the air entering and

existing in the IRGA headspace chamber, according to

Cha-um et al. (2007).

Plant morphological characterization and yield

traits

Shoot height, number of leaves, leaf length, leaf width and

number of tillers of ‘Hom Nil’ rice were measured. Grain

yield per clump, panicle dry weight, panicle length, seed

fertility and 100-grain weight were determined.

Anthocyanin assay

Total anthocyanins [cyanidin-3-glucoside (C3G) and

peonidin-3-glucoside (P3G)] were assayed following the

method of Chandra et al. (2001). Hand-dehusked seeds

(2 g) were weighted and transferred in a capped glass vial

and then 1.5 mL of 2% HCl in methanol was added

(Fig. S4). Extracted solution was vortexed and kept in the

darkness on the shaker (150 rpm) for 12 h in the cold room

(8�C). Supernatant was collected and filtered through a

0.45 lm PTFE filter (VertiPure, Vertical Chromatogra-

phy). Each sample was analyzed by Waters HPLC equip-

ped with a Waters 2998 photodiode array detector. The

column was an ODS C18 Hypersil column (250 mm 9

4.6 mm, i.d.) with a particle size 5 lm (Thermo Fisher

Scientific Inc., CA, USA). The mobile phase was (A) 0.5%

aqueous phosphoric acid (v/v), and (B) water/acetonitrile/

glacial acetic acid/phosphoric acid, 50:48.5:1:0.5 (v/v/v/v).

A gradient: initially as 20%; 26 min, 60%; 30 min, 20%;

35 min, 20% of solvent B was used as mobile phase.
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Detection wavelength was set at 520 nm. Flow rate was

0.8 mL min-1. Column temperature was 30 �C and injec-

ted volume was 20 lL. Cyanidin-3-glucoside (Fig. S5) and
peonidin-3-glucoside (Fig. S6) (Sigma-Aldrich, USA) were

injected as standard.

Statistical analysis

The experiment was arranged as 2 9 2 factorial in Com-

pletely Randomized Design (CRD) with six replicates

(n = 6). The mean values obtained from six treatments

were compared using Tukey’s HSD and analyzed by SPSS

software (version 11.5 for Window�).

Results

AMF colonization and phosphorus enrichments

Colonization of AMF in the root tissues of ‘Hom Nil’ rice

plants, inoculated with or without AMF under different

water regimes was evaluated. Only AMF-inoculated roots

of rice crop in both WW and WD displayed the high col-

onization percentage (Fig. 1a), which was confirmed by

counting the hypha stained by trypan blue under light

microscope (Fig. S2). Colonization percentage in the root

tissues of rice grown under WW (35.42%) was signifi-

cantly higher over WD (29.27%), whereas it was absent in

the plants without AMF inoculation. Total phosphorus

concentration in the root tissues of AMF inoculated plants

was found to be enriched than that in the flag leaf tissues.

In addition, the total phosphorus concentration in the root

and flag leaf tissues was peaked at 2.56 and 0.88 mg g-1

DW, respectively (Fig. 1b, c) and it declined when plants

were subjected to WD conditions. In contrast, total phos-

phorus concentrations in both root and flag leaf tissues of

un-inoculated AMF plants were very low (Fig. 1b, c).

Growth characters in responses to water deficit

conditions

In WW (control), shoot height, number of leaves, flag leaf

length, flag leaf width and number of tillers in Hom Nil rice

were normally developed either with or without AMF

inoculation (Fig S3). Interestingly, flag leaf length of rice

crop under AMF inoculation and water regime treatments

were unaffected. Shoot height, flag leaf width and number

of tillers, in the plants under WD without AMF inoculation,

were sharply decreased by 12.50%, 29.17% and 11.63%,

respectively (Table 1). Moreover, shoot height and number

of tillers in the AMF-pretreated plants were maintained

(declined only by 4.63% and 0% over well watering) better

than those in without AMF inoculation (Table 1).

Soluble sugar concentration, free proline content

and osmotic potential

Sucrose concentration in un-inoculated AMF under WD

conditions was significantly declined by 70.83% and

63.09% to that of the control (WW), respectively (Table 2).

Under WD, glucose concentration in AMF inoculated

plants was increased by 1.24-fold over WW without AMF.

In addition, total soluble sugar was enriched in AMF-

inoculated plants under WD by 1.51 folds over control

(Table 2). Moreover, a positive relationship between col-

onization percentage and total phosphorus concentration in

the root (R2 = 0.920; Fig. 2a), total soluble sugar and total

anthocyanins in flag leaf tissues (R2 = 0.983; Fig. 2b).

Free proline content in the plants with AMF- and

without AMF-inoculation under WD was significantly

increased by 12.45 and 9.48 folds over control (Fig. 3a).

was displayed. Osmotic potential of flag leaf tissues

declined when plants were exposed to water deficit con-

ditions. Similarly, osmotic potential in flag leaf of plants

without AMF under WD peaked to - 2.643 MPa but was

reduced to - 1.833 MPa in AMF-inoculated plants

(Fig. 3b). In addition, a negative relationship between free

proline content and osmotic potential in plants grown under

WD (R2 = 0.428; Fig. 3c) was established.

Photosynthetic performance

Chla, TC and Cx?c in flag leaf tissues of AMF inoculated

plants under WW were stimulated by 1.69, 1.35 and 1.85

folds over AMF un-inoculated plants, respectively. More-

over, Chla, Chlb, TC and Cx?c of AMF un-inoculated plants

under WD were significantly dropped by 90.91%, 89.38%,

90.25% and 87.50% to that of WW, respectively (Table 3).

Chlb concentration in the flag leaf of AMF inoculated

plants was maintained (degraded only 15% of WW);

however, in contrast, Chla, TC and Cx?c concentrations

were degraded by 59.98%, 44.07% and 59.52% over WW,

respectively (Table 3). Fv/Fm and UPSII in the flag leaf of

AMF un-inoculated plants under WD were reduced by

75.62% and 83.37% to that of WW, respectively (Table 4).

Similarly, Pn in the flag leaf of AMF un-inoculated plants

under WD (Table 4) was sharply declined by 82.63% over

the control, respectively, and it was significantly improved

by inoculating the plants with AMF before subjecting to

water deficit condition [reduction only by 55.42% in WD].

Stomatal conductance (gs) and transpiration rate (E) were

sensitive to water deficit stress, which were largely

declined (C 85% over well watering), especially in AMF

un-inoculated plants (Table 4). In addition, gs and E in

AMF-inoculated plants were significantly upgraded when

exposed to water deficit stress conditions (Table 4).
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Yield traits and anthocyanins enrichment

Grain yield and panicle dry weight observed during the

harvesting process of AMF inoculated plants under WW

were enhanced over un-inoculated plants by 1.79 and 1.59

folds, respectively. Under water deficit conditions, grain

yield, panicle dry weight, panicle length, fertility percent-

age and weight of 100 grains of AMF un-inoculated plants

were declined by 56.22%, 73.25%, 19.98%, 57.42% and

16.93% to that of AMF inoculated plants (Table 5).

Moreover, panicle dry weight, panicle length, fertility

percentage and weight of 100 grains were maintained upon

AMF inoculation, whereas the grain yield showed a little

improvement when subjected to water deficit stress

(Table 5). Cyanidin-3-glucoside (C3G) and peonidin-3-

glucoside (P3G) in the harvested grains of WD plants were

enriched by 1.71 and 2.21 folds over well watering

(Fig. 4a, b). The C3G (4.33 mg g-1) and P3G

(2.38 mg g-1) in the pericarp of rice grain were strongly

promoted with the interaction of water deficit conditions

and AMF-inoculation (Fig. 4a, b). A profile of antho-

cyanins, C3G and P3G in rice grain harvesting from

WW ? AMF (a) and WD ? AMF (b) was presented

(Fig. S7). In addition, the total concentrations of C3G and
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P3G per clump in AMF-inoculated plants under water

deficit conditions were peaked at 10.77 and 5.63 mg

clump-1, respectively (Fig. 4c, d).

Discussion

In the present study, colonization percentage in the root

tissues of rice grown under WW was greater than that

under WD and it was absent in treatments without AMF

inoculation. In ryegrass, root colonization by Glomus

intraradices under well watering (200 mL daily irrigation)

was recorded to be 51.4%, whereas it declined by 20.1%

during the initial period when exposed to drought stress

(20 mL daily irrigation) for 28 days (Lee et al. 2012). In

addition, AMF (G. etunicatum and G. mosseae) root col-

onization in well-watered conditions of wheat cvs. TAM-

105 and Steardy was better than that in water-stressed

plants at both heading and grain filling developmental

stages (Al-Karaki et al. 2004). In rice cv. INCA LP-5, AMF

(G. intraradices) root colonization in both well-watered

(100% water holding capacity) and drought stressed con-

ditions (50% water holding capacity for 2 weeks and then

25% water holding capacity for 2 weeks) exhibited no

significant differences, and it was undetected in plants

inoculated without AMF (Ruı́z-Sánchez et al. 2011). In

contrast, AMF root colonization in rice cv. INCA LP-5 was

significantly improved by reducing the rate of water supply

to 5–10 mL per day from 25 mL per day (Ruı́z-Sánchez

et al. 2010). Moreover, total phosphorus in the roots of

AMF inoculated plants cv. Hom Nil at booting stage was

higher than in the flag leaf tissues. In japonica rice cv.

Nipponbare, total phosphorus concentration in AMF-inoc-

ulated plants at maturing stage (140/150 DAS; days after

Table 1 Shoot height, number of leaves, leaf length, leaf width and number of tillers in rice cv. ‘Hom Nil’ plants inoculated with AMF and

subsequently exposed to well-watered (WW) and water deficit (WD) conditions at booting stage

Water regime AMF inoculation Shoot height (cm) Number of leaves Leaf length (cm) Leaf width (cm) Number of tiller

WW (46.6% SWC) -AMF 86.4ab 2.3ab 28.8 1.20a 4.3a

?AMF 88.2a 2.5a 30.1 1.23a 4.5a

WD (13.8% SWC) -AMF 75.6c 1.5b 28.3 0.85b 3.8b

?AMF 82.4b 2.3ab 30.3 0.87b 4.3a

Significant level

Watering ** * ns ** ns

AMF ** * ns ns **

Watering 9 AMF * ns ns ns ns

Different letters in each column represent significant difference at p B 0.05 applying Tukey’s HSD

ns not significant

*, **Significant difference at p B 0.05 and p B 0.01, respectively

Table 2 Sucrose, glucose, fructose and total soluble sugar in rice cv. ‘Hom Nil’ plants inoculated with AMF and subsequently exposed to well-

watered (WW) and water deficit (WD) conditions at booting stage

Water regime AMF

inoculation

Sucrose (mg g-1

DW)

Glucose (mg g-1

DW)

Fructose (mg g-1

DW)

Total soluble sugar (mg g-1

DW)

WW (46.6%

SWC)

-AMF 4.85b 19.36b 23.74ns 47.95c

?AMF 6.22b 22.29ab 25.61 54.12b

WD (13.8%

SWC)

-AMF 1.79c 21.66ab 25.99 49.88bc

?AMF 31.13a 24.06a 26.32 81.51a

Significant level

Watering ** * ns **

AMF ** * ns **

Watering 9 AMF ** ns ns **

Different letters in each column represent significant difference at p B 0.05 applying Tukey’s HSD

ns not significant

*, **Significant difference at p B 0.05 and p B 0.01, respectively
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sowing) was accumulated in un-hulled grain (3.3 g kg-1),

followed by root (1.7 g kg-1) and shoot (1.3 g kg-1)

(Solaiman and Hirata 1995). In contrast, phosphorus con-

centration in shoots of rice at tillering stage (50 DAS) was

greater than that in roots (Liu et al. 2013). The uptake and

accumulation rate of phosphorus in different organs of rice

crop may depend on variety, soil types, developmental

stages and water regime situation (Hajiboland et al. 2009;

Zhang et al. 2016). The phosphorus concentration in aerial

parts of date palm plants after 9 months of AMF-inocula-

tion was declined when subjected to 25% field capacity

(FC) in relation to low frequency of colonization (Meddich

et al. 2015). In maize, phosphorus in the shoot of AMF-

inoculated plants (14.55 mg pot-1) was decreased, in

relation to the degree of drought condition [moderate

drought; 60% FC (11.63 mg pot-1) and severe drought;

40% FC (9.32 mg pot-1)] (Zhao et al. 2015). In Pistachio

cv. Akbari, total phosphorus concentration in AMF-inoc-

ulated plants under well irrigation was peaked at

20.3 mg g-1 DW and declined by 36.31% under drought

stressed conditions (12.93 mg g-1 DW), and it corre-

sponded to % colonization along root (Abbaspour et al.

2012). In addition, phosphorus uptake rate in rice crop cv.

Shafagh was promoted by non-flooded water regime, lack

of phosphorus fertilizer and inoculation of highly efficient

AMF strains (G. mosseae and G. intraradices), and it

correlated to root biomass and AMF colonization

(R2 = 0.56) (Hajiboland et al. 2009). Likewise, a positive

relation was observed between AMF root colonization and

phosphorus uptake (R2 = 0.545) in upland rice cv. Van-

dana (Maiti et al. 2013).

Under severe drought condition, shoot height of AMF-

inoculated marigold plants were declined by 37.71%,

whereas it was sharply decreased by 42.28% in plants

without AMF-inoculation (Asrar and Elhindi 2011). Plant

height and number of leaves in trifoliate orange were

promoted by AMF inoculation using Funneliformis mos-

seae and Paraglomus occultum over the control (un-inoc-

ulated), and subsequently declined under drought stress

(50% water holding capacity for 71 days) (Wu et al. 2017).

In Roselle, shoot height and lateral branches in plants

without AMF inoculation was significantly inhibited by

25.28% and 54.24%, respectively, when subjected to

200 mm pan evaporation, whereas it was sustained in G.

versiforme (only 14.45% and 13.54% reduction) and Rhi-

zophagus irregularis (only 18.99% and 3.84% reduction)

inoculated plants (Fallahi et al. 2016). In rice crop, overall

growth performances including shoot height and root
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length in plants under water deficit conditions were main-

tained by AMF inoculation (Mary et al. 2018), leading to

retain the yield attributes, especially in the late season of

paddy filed (Okonji et al. 2018).

Total soluble sugar, sucrose and glucose in AMF-inoc-

ulated plants under WD were enriched over the control. In

Poincianella pyramidalis, soluble sugar, sucrose and

fructose in AMF-inoculated plants under water deficit

stress (12 days) in greenhouse conditions were signifi-

cantly accumulated over the un-inoculated control plants

(Frosi et al. 2016). Carbohydrates, i.e. sucrose, glucose and

fructose, in trifoliate orange under well watering were

significantly enhanced by AMF inoculation (Funneliformis

mosseae and Paraglomus occullum) and dropped when
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Table 3 Chlorophyll a, chlorophyll b, total chlorophyll and total carotenoids in ‘rice cv. ‘Hom Nil’ plants inoculated with AMF and subse-

quently exposed to well-watered (WW) and water deficit (WD) conditions at booting stage

Water regime AMF

inoculation

Chlorophyll a (lg g-1

FW)

Chlorophyll b (lg g-1

FW)

Total chlorophyll (lg g-1

FW)

Total carotenoids (lg g-1

FW)

WW (46.6%

SWC)

-AMF 475.0b 356.8a 831.8ab 3.2b

?AMF 611.7a 335.9a 947.6a 4.2a

WD (13.8%

SWC)

-AMF 43.2d 37.9b 81.1c 0.4d

?AMF 244.8c 285.2a 530.0b 1.7c

Significant level

Watering ** ** ** **

AMF ** ** ** **

Watering 9 AMF ns ** ** ns

Different letters in each column represent significant difference at p B 0.05 applying Tukey’s HSD

ns not significant

**Significant difference at p B 0.05 and p B 0.01, respectively

Table 4 Maximum quantum yield of PSII (Fv/Fm), photon yield of

PSII (UPSII), net photosynthetic rate (Pn), stomatal conductance (gs)

and transpiration rate (E) in ‘rice cv. ‘Hom Nil’ plants inoculated with

AMF and subsequently exposed to well-watered (WW) and water

deficit (WD) conditions at booting stage

Water regime AMF inoculation Fv/Fm UPSII Pn (lmol m-2 s-1) gs (mol H2O m-2 s-1) E (mmol m-2 s-1)

WW (46.6% SWC) -AMF 0.841a 0.782a 8.81b 0.122ab 3.38a

?AMF 0.864a 0.806a 12.83a 0.158a 3.76a

WD (13.8% SWC) -AMF 0.205c 0.130c 1.53d 0.015c 0.41c

?AMF 0.491b 0.339b 5.72c 0.076b 2.29b

Significant level

Watering ** ** ** ** **

AMF ** ** ** ** **

Watering 9 AMF ** ** ** ns **

Different letters in each column represent significant difference at p B 0.05 applying Tukey’s HSD

ns not significant

**Significant difference at p B 0.05 and p B 0.01, respectively

Table 5 Grain yield per clump, panicle dry weight, panicle length, fertility, 100-grain weight in ‘rice cv. ‘Hom Nil’ plants inoculated with AMF

and subsequently exposed to well-watered (WW) and water deficit (WD) conditions at booting stage prior to harvest

Water regime AMF inoculation Grain yield (g) Panicle DW (g) Panicle length (cm) Fertility (%) 100-grain weight (g)

WW (46.6% SWC) -AMF 3.54b 1.57b 24.65a 46.99a 2.54a

?AMF 6.33a 2.50a 25.63a 67.60a 2.41ab

WD (13.8% SWC) -AMF 1.55d 0.42c 19.75b 20.01b 2.11b

?AMF 2.39c 1.67b 23.55a 47.11a 2.27ab

Significant level

Watering ** ** ** ** **

AMF ** ** ** ** ns

Watering 9 AMF * ns * ns *

Different letters in each column represent significant difference at p B 0.05 applying Tukey’s HSD

ns not significant

*, **Significant difference at p B 0.05 and p B 0.01, respectively
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subjected to drought stress (Wu et al. 2017). Total soluble

sugar in the outer leaves of AMF-inoculated lettuce tends

to increase, in relation to the degree of field capacity

reduction (2/3 and 1/2 FC) (Baslam and Goicoechea 2012).

Likewise, total soluble sugars in the inner leaves of AMF-

inoculated commercial lettuce cvs. Betavia Rubia Munguı́a

and Maravilla de Verano were peaked when compared to

the plants without inoculation (Baslam et al. 2011). In

Pistachio, accumulation of soluble sugars in drought

stressed plants was greater than that of well-watered
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condition by 1.46 and 1.28 folds in AMF inoculated and

un-inoculated plants, respectively (Abbaspour et al. 2012).

Also, the free proline content in rice crop under WD was

significantly enhanced irrespective of the AMF treatment.

Shoot proline content in AMF-inoculated rice cv. INCA

LP-5 under drought conditions was significantly increased

over well-watered conditions (Ruı́z-Sánchez et al. 2011).

Similarly, proline content in AMF-inoculated plants of

maize cv. Potro under drought stress was enriched over the

control (well watering) (Bárzana et al. 2015). In tomato cv.

San Marzano nano, proline accumulation may maintain

leaf water potential, depending on AMF species (Rhi-

zophagus intraradices\F. mosseae) and water stress

conditions (Chitarra et al. 2016). Flag leaf osmotic poten-

tial was declined when exposed to drought conditions,

especially in case of plants without AMF inoculation.

Similarly, the water potential in the leaf of maize and

tomato grown under drought stress was significantly

declined when compared with those plants under well-

watered conditions, and it was strongly improved in maize

plants using AMF-inoculation (Glomus intrarradices strain

EEX 58) (Bárzana et al. 2012). In endemic conifer (Cu-

pressus atlantica), needle leaf water potential in mild-

(50% field capacity) and severe-drought stresses (25% field

capacity) was significantly improved by AMF-inoculation

(mixture of Rhizophagus manihotis, R. aggregatus, R.

fasciculatus and Acaulospora sp.) (Zarik et al. 2016). In

addition, leaf water potential of perennial ryegrass (Lolium

perenne) under drought condition for 28d was considerably

upgraded by AMF-inoculation (Glomus intraradices) (Lee

et al. 2012). In rice cv. INCA LP-5, shoot water potential in

AMF-inoculated plants (only Glomus intraradices isolate

EEZ 01) under drought conditions was declined in relation

to the shoot proline enrichment (major osmotic adjust-

ment), whereas it was unchanged in Azospirillum brasi-

lense strain AZ-39 inoculated plants as well as

uninoculated plants (Ruı́z-Sánchez et al. 2011). In contrast,

proline enrichment in AMF-inoculated maize plants under

drought stress was unrelated to leaf water potential

reduction (Bárzana et al. 2015).

Photosynthetic pigments, Chla, TC and Cx?c in flag leaf

tissues of AMF inoculated rice plants under WW were

stimulated by 1.69, 1.35 and 1.85 folds over AMF un-

inoculated plants, respectively. Chla, Chlb and total flavo-

noids in AMF-colonized (Funneliformis mosseae) Bhrin-

graj (Eclipta prostrata) were accumulated in high levels

over un-inoculated plants and the concentration was

maintained when exposed to water stress (7 days-irrigation

interval) (Sinha and Raghuwanshi 2016). TC (Chla-
? Chlb) and Cx?c in inner leaves of lettuce cvs. Batavia

Munguı́a and Maravilla de Verano under well-watered

conditions were improved by AMF-inoculation (mixture of

Glomus intraradices and G. mosseae) as well as retained

when subjected to water deficit conditions at WD (50%

field capacity) (Baslam and Goicoechea 2012). In basil

plant, TC (Chla ? Chlb) in the leaf tissues of AMF un-

inoculated plants were sharply degraded when exposed to

water stress, whereas it was maintained upon AMF-inoc-

ulation (Hazzoumi et al. 2015). In Poincianella pyrami-

dalis, Chla, Chlb and Cx?c in young leaves of AMF-

inoculated plants (mixture of Acaulospora longula strain

URM FMA 07 and Claroideoglomus etunicatum strain

URM FMA 03) were increased over those in un-inoculated

plants, thereby strengthening the plants to withstand in the

water deficit conditions (Frosi et al. 2016). TC and flavo-

noids in Pistachio seedlings pretreated by AMF (G. etuni-

catum) were enhanced and maintained at high levels even

when subjected to drought stress (Abbaspour et al. 2012).

Moreover, Cx?c in both outer and inner leaves of lettuce

cvs. Batavia Rubia Munguı́a (BRM) and Maravilla de

Verano (MV) under AMF inoculation (G. fasciculatum and

commercial inoculum) was enriched over un-inoculated

plants (Baslam et al. 2011). The photosynthetic efficiency

(Fv/Fm) in AMF-inoculated plants of rice (Ruı́z-Sánchez

et al. 2010), wheat (Mathur et al. 2018) and tomato (Bár-

zana et al. 2012) was unaffected over un-inoculated plants

under water limited situations. CO2 assimilation rate (Pn),

transpiration rate (E) and stomatal conductance (gs) are

good indicators of stomatal closure under water deficit

conditions. In rice cv. INCA LP-5, gs in AMF inoculated

plants (G. intraradices) was higher than un-inoculated

plants and tend to decline in relation to the degree of

drought stress (Ruı́z-Sánchez et al. 2010). Similarly, gs in

AMF-inoculated tomato plants was peaked over un-inoc-

ulated plants and tend to decrease when subjected to

drought stress (Bárzana et al. 2012). Pn in AMF-colonized

perennial ryegrass during water withholding period

(28 days) was maintained over plants without AMF inoc-

ulation (Lee et al. 2012). Moreover, Pn in AMF-inoculated

(Rhizophagus intraradices) tomato plants under well-wa-

tered conditions was improved over un-inoculated plants

but was significantly reduced under water stress (Chitarra

et al. 2016).

Rice yield traits i.e. grain yield, panicle dry weight,

panicle length, fertility percentage and 100-grain weight,

were strongly improved by AMF-inoculation, especially in

the water deficit conditions. In wetland rice, grain yield of

AMF-inoculated plants increased over un-inoculated

plants, especially under low nitrogen supplies (Zhang et al.

2014). In Nipponbare japonica rice, the grain yield in pot

culture (53.7 g pot-1) and field trial (8.49 t ha-1) was

maximized under dry nursery with AMF-inoculation (So-

laiman and Hirata 1997). Grain yield of winter wheat cv.

Steardy in AMF-inoculated (Glomus mosseae) plants

grown under water deficit stress was highly improved (with

only 57.49% reduction to that of well-watering) (Al-Karaki
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et al. 2004). Biological yield and economic yield (kg ha-1)

of AMF inoculated (Glomus versiforme) Roselle plants was

retained over control when subjected to deficit irrigation

(Fallahi et al. 2016). Flower fresh weight, dry weight and

diameter in AMF-inoculated marigold plants under mod-

erate drought conditions were maintained (Asrar and

Elhindi 2011). Anthocyanins, C3G and P3G, in pericarp of

rice grain, harvested during WD were enriched over well

watering and these were regulated by AMF-inoculation.

This is the first report suggesting the regulation of antho-

cyanins species in the pericarp of rice grain cv. Hom Nil

using AMF colonization under water deficit conditions.

Previously, we reported the regulation of P3G in dark

purple pericarp of rice cv. Hom Nil using Mg spray and

low temperature incubation (Tisarum et al. 2018). In let-

tuce cvs. CT (Cogollos de Tudela), BRM and MV, total

anthocyanins in both inner and outer leaves of AMF-

inoculated plants were enriched over the control (without

AMF) (Baslam et al. 2011), and these were further pro-

moted by water deficit conditions (Baslam and Goicoechea

2012). In addition, anthocyanins in AMF-inoculated

pomegranate shoots were accumulated in high levels and

retained even when subjected to 23% field capacity

(Bompadre et al. 2015).

Conclusion

In conclusion, root colonization by AMF in rice cv. Hom

Nil regulated the phosphorus availability and enrichment in

host plants, leading to improved plant growth and devel-

opment, particularly in the reproductive stages. It also

enhanced the plant defense against drought condition, as

exhibited by greater accumulation of free proline and

maintenance of other physiological characters. Overall

yield attributes in AMF-inoculated plants were also

improved in addition to the anthocyanin species, C3G and

P3G, in the pericarp of rice grain.
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