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Mycorrhizal inoculation modulates root morphology and
root phytohormone responses in trifoliate orange under
drought stress
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ABSTRACT

Phytohormones can be responsible for activating tolerance responses of drought stress (DS). The present study was done to evaluate
the effects of an arbuscular mycorrhizal fungus (AMF), Funneliformis mosseae, on root morphology and root phytohormones levels in
trifoliate orange (Poncirus trifoliata) seedlings exposed to well-watered (WW, 75% of maximum water holding capacity) and drought stress
(65% of maximum water holding capacity). The six-week DS treatment strongly restricted root mycorrhizal colonization by 27.7%. The
DS treatment caused the decrease of total plant biomass and root morphological traits, but the AMF inoculation significantly increased
total plant biomass and root total length, projected area, surface area, average diameter, volume, and number of 15, 2", and 3" lateral
root under WW and DS conditions. AMF plants exhibited significantly higher leaf water potential than non-AMF plants exposed to WW
and DS. AMF colonization notably regulated the changes in root phytohormone levels: the increase of indole-3-acetic acid (IAA), abscisic
acid (ABA), methyl jasmonate (MeJA), and zeatin riboside (ZR) levels under WW condition, and the increase of IAA, ABA, MeJA, ZR, and
brassinosteroids (BRs) concentrations under DS conditions. These results concluded that AMF enhanced drought tolerance in trifoliate

orange through modulation of root phytohormones and root morphology.
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INTRODUCTION

Soil drought stress (DS) is one of the important abiotic
stresses, strongly limiting crop growth and yield (Nazar
et al., 2015). Roots are directly in touch with soil moisture
changes, and thus, the damage of plant to drought is firstly
in roots. Since plant root is the most crucial organ for
water and nutrient absorption, root morphological and
physiological responses to DS are an important adaptation
to drought (Shan et al., 2015). Hence, evaluating the
changes of root physiology and morphology under DS
seems to be very important.

Arbuscular mycorrhiza (AM) is a mutualistic symbiosis
between arbuscular mycorrizal fungi (AMF) and the roots
of 80% of terrestrial plants. AM develops well extraradical
mycelium spread in the soil around the root to absorb
nutrient elements and water from the soil to the fungal
partner (Johnson and Gibert, 2015; Zhang et al., 2015). The

AM:s not only increase plant growth, but also enhance plant
tolerance to abiotic stress, such as DS (Wu et al., 2013). In
roots of pistachio plants under DS, inoculation with Glozzus
etunicatum did not alter soluble sugar and proline contents
and catalase activity, but significantly increased peroxidase
activity and soluble protein concentration (Abbaspour
et al., 2012). In two maize cultivars, AMF colonization
significantly increased root nitrate reductase activity under
the DS (Subramanian and Charest, 1998). These results
suggest diverse responses of root physiological activity to
AMEF under DS conditions.

Plants develop a range of phytohormones to decrease the
damage of DS (Diego etal., 2015). Auxin, cytokinins (CKs),
gibberellins (GAs) and brassinosteroids (BRs) are defined
as “positive growth regulators”, and abscisic acid (ABA),
jasmonic acid (JA), salicylic acid (SA) and ethylene are
counted as “stress hormones” (Kovosa et al., 2012). These
phytohormones are thought to be the most important
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signal substances in modulating physiological responses for
stress adaptation, such as growth, development, source/
sink transitions and nutrient allocation (Fahad et al., 2014).
Therefore, they were important for understanding AM
functions on drought tolerance of the host plant. A small
amount of studies indicated that AMF colonization
significantly increased root zeatin riboside (ZR) levels in
flax and ethylene levels in papaya roots under DS, whereas
did not alter the root ABA concentration in Medicago sativa
(Driige and Schonbeck, 1992; Giocoechea et al., 1997;
Cruz et al., 2000).

Citrus is one of the most important trees in the world
including China (Wang et al., 2014). Citrus trees in China
often suffer from soil drought stress, resulting in the decline
of citrus quality and yield. The aim of this study was to
investigate the AMF effects on root morphology and root
phytohormone levels of trifoliate orange (Poncirus trifoliata
L. Raf.) under DS and WW conditions.

MATERIALS AND METHODS

Experimental set-up and design

Seeds of trifoliate orange were surface sterilized by 75%
alcohol solution and germinated in a plastic box containing
sterilized (0.11 Mpa, 121°C, 2 h) sand. After ~3 weeks, a
five-leaf-old seedling was planted into a 19.5X14X21 cm
(upper diameterXbottom diameterXheight) plastic pot. Soil:
Sand (2:1, v/v) mixtutre was used as a growth substrate after
autoclaved (0.11 Mpa, 121°C, 2 h).

The AM ftungus, Funneliformis mosseae (T.H. Nicolson
& Gerd.) C. Walker & A. Schiiller was propagated
through the trap culture with white clover for 16 weeks.
Mycorrhizal treatment was applied at 1500 spores per
pot at transplanting. These spores were added in the
plant rhizosphere. Same amount of autoclaved inocula
was applied into the non-AMF pot. The experiment was
conducted in a glasshouse with 982 umol/m?*/s photonflux
density, 27/20°C day/night temperature, and 80% relative
air humidity. To decrease growth environments, these plants
were weekly relocated. Distilled water was supplied daily to
maintain gravimetrical 75% of the maximum water holding
capacity of the substrate until water stress was started.

After 16 weeks of AMF inoculation, two soil water
treatments were applied: gravimetrical 75% (WW) and
55% (DS) of the maximum water holding capacity of
the substrate, respectively. The soil water treatments were
maintained for 6 weeks until plant harvest.

The experiment consisted of soil water treatments (DS
and WW) and AMF treatments (+AMF and -AMF), which
are WW+AME, WW-AMFE, DS+AME, and DS-AME,
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respectively. Each treatment was replicated five times,
resulting in a total of 20 pots.

Determinations of variables

The fresh weights of AM and non-AM plants were
measured after harvest, and divided into shoots and roots.
The numbers of different-order lateral roots were counted.
The intact root system of each plant was quickly scanned
with an Epson Flatbed Scanner (J221A, Indonesia). The
scanned root pictures were analyzed by the WinRHIZO
software (Regent Instruments Inc., Quebec, Canada),
and the root morphological traits, including total length,
surface area, projected area, average diameter, and volume
were obtained.

The 1-cm-long root samples were cleared in a 10% (w/v)
KOH solution and stained with 0.05% (w/v) trypan blue
according to Phillips and Hayman (1970). Mycorrhizal
colonization was calculated with the following formula:
AM colonization (%) = AM root intercepts/total root
intercepts X100.

Leaf water potential (leaf ) was recorded before the plant
harvest using a PSWYPRO Water Potential System with a
leaf hygrometer (L-51A-SF, WESCOR).

The protocol for extraction of root phytohormones was
done by Chen et al. (2009). The frozen root samples with
0.2 g were ground with 4 mL 80% methanol containing
1 mmol/L 2,6-ditert-butyl-4-methylphenol. The extraction
was incubated at 4°C for 4 h and centrifuged at 4,000 g
for 10 min at 4°C. The supernatants were passed through
AccuBond C18 solid phase extraction cartridge (Agilent
Technologies Inc., USA) and dried under N,. The residues
were dissolved in 2 mL phosphate buffer containing 0.1%
Tween 20 and 0.1% gelatin (pH 7.5) for phytohormone
analysis. Quantification of root IAA, GA, BRs, methyl
jasmonate (MeJA), ABA, and zeatin riboside (ZR) by
ELISA was described by Yang et al. (2001). These ELISA
kits were produced by the Crop Chemical Control Center,
China Agricultural University, Beijing, China.

Statistical analysis

Data were subjected to analysis of one-factor variance
(ANOVA) in SAS (SAS Institute Inc., Cary, NC, USA) and
followed by the Duncan’s multiple range tests (P<0.05)
to compare the significant differences between these
treatments.

RESULTS AND DISCUSSION

Root AM colonization
In this study, there was not root mycorrhizal colonization
in the non-AMF treated plants. The root AM colonization
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in the inoculated seedlings varied from 53.5+4.8% under
the WW to 38.7+5.2% under the DS. The DS treatment
significantly decreased root colonization by 27.7%, as
compared with the WW treatment. Such reduction in root
AM colonization by the DS may be due to relatively lower
germination of AMF spores, lower carbohydrate supply
from the host plant (Wu et al., 2013), and the decrease of
root exudates (Fagbola et al., 2001).

Total plant biomass

The present work indicated that compared with the
WW, the DS significantly restricted total plant biomass
production, irrespective of AM and non-AM seedlings
(Fig. 1). However, AMF inoculation notably increased
total plant biomass by 159 and 111% under the WW and
the DS conditions, respectively. This is in agreement with
the findings of Asrar et al. (2013), who reported that
regardless of DS level, the snapdragon plants colonized
by Glomus deserticola had a significantly higher plant biomass
than non-AMF colonized plants. The growth enhance by
mycorrhization with F. mosseae was observed in trifoliate
orange seedlings under different phosphorus substrate
levels (Wu et al., 2015). The enhancement of growth in
AM plants is often related to improvement of nutrient
acquisition, especially P (Asrar et al., 2013), and direct water
uptake and transport by extraradical hyphae (Abbaspour
et al.,, 2012; Zou et al., 2015).

Leaf water potential (leaf V)

As stated by Davies et al. (1992), extraradical hyphae
could improve drought tolerance by facilitating soil water
uptake. Hyphal tips are hydrophilic, and thereby soil water
can be taken up at the tips and transported from tips to
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root cortical cells, without encountering a membrane
(Allen, 2007). On the other hand, mycorrhizal hyphae
would extend soil water depletion zones, thus, providing
mycorrhizal roots more access to available soil water (Wu
etal., 2013; Zou et al,, 2015). Furtherly, mycorrhizal hyphae
enhance the ratio of below-ground absorptive surface to
leaf area (Asrar et al., 2012). This may explain that in the
present study, a significantly higher leaf ¥was found in AM
trifoliate orange than in non-AM trifoliate orange exposed
to WW and DS (Fig. 2).

Root morphological modification

Root systems have several functions, such as storage of
carbohydrates and nutrients and transport of nutrients
and water (Comas et al., 2013). In the trifoliate orange,
compared with the WW treatment, the 6-week DS treatment
considerably inhibited root total length, projected area,
surface area, average diameter, and volume, which was
more significant in AM plants than in non-AM plants
(Table 1). Possibly, greater plant growth in AM plants was
strongly affected by DS than those in non-AM plants. When
the trifoliate orange plant was colonized by Funneliformis
mosseae, the AM plants exhibited better root morphological
traits than the non-AM plants, irrespective of WW or DS
treatment (Table 1). Moreover, the AM plants also induced
motre number of first, second and third order lateral roots
than the non-AM plants exposed to WW and DS. This is
consistent with the results described by Orfanoudakis et al.
(2010) in Alnus glutinosa plants. As a result, greater root
morphological traits in AM plants would provide more
exploration of soil volume for water and nutrient acquisition
under the DS (Comas et al., 2013), which is the important
mechanism to enhance drought tolerance in the host plant.
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Fig 1. Effect of AMF and drought stress on total plant biomass of
trifoliate orange seedlings. Data (means + SD, n = 5) followed by
different letters above the bars among treatments indicate significant
differences at the 5% level. Abbreviation: +AMF: inoculation with
Funneliformis mosseae; -AMF: inoculation without Funneliformis
mosseae; WW: well-watered; DS: drought stress
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Fig 2. Effect of AMF and drought stress on leaf water potential of
trifoliate orange seedlings. Data (means + SD, n = 5) followed by
different letters above the bars among treatments indicate significant
differences at the 5% level. Abbreviation: +AMF: inoculation with
Funneliformis mosseae; -AMF: inoculation without Funneliformis
mosseae; WW: well-watered; DS: drought stress.
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Table 1: Effects of AMF and drought stress on root morphological traits and lateral root number of trifoliate orange seedlings

Treatments Total length Projected Surface Average diameter Volume Number of lateral root
(cm) area (cm?) area (cm?) (mm) (cmd) qst ond 3rd
WW+AMF 576+69a 28.8+4.9a 90.5+15.5a 0.50+0.02a 1.13+0.26a 49+3a 248+21a 15+2a
WW-AMF 395+39bc 16.8+1.7bc 52.8+5.4bc 0.43+0.02c 0.56+0.07bc 41+5b 140+13b 6x2c
DS+AMF 447+116b 20.3+3.4b 63.8+10.7b 0.46+0.02b 0.73+0.06b 44+3b 159+17b 9+2b
DS-AMF 280+108c 12.4+5.0c 39.0+15.8¢ 0.43+0.01c 0.44+0.19c 36+4c 106+7c 2+1d
Data (means+SD, n=5) followed by different letters between treatments indicate significant differences at 5% level. Abbreviation: +AMF: Inoculation with
Funneliformis mosseae; -AMF: Inoculation without Funneliformis mosseae; WW: Well-watered; DS: Drought stress
Changes in root endogenous hormones 70
In this study, six endogenous hormones, including IAA, a 0 WW+AMF
GAs, BR, ABA, MeJA, and ZR were identified (Fig. 3). 60 wfx:

ABA

Evidence showed that ABA has the key role in stress
signal network and can mediate stress-induced stomatal
closure (Tuteja, 2007). The present study indicated that
the DS treatment strongly stimulated the increase of root
ABA concentration in AM and non-AM seedlings (Fig. 3).
Compared with non-AMF treatment, AMF inoculation
also increased root ABA level by 13.6 and 8.4% under the
WW and the DS conditions, respectively. Greater root ABA
levels in AM roots suggested that AM plants possessed
higher drought tolerance in regulating plant water status
via guard cells and induction of genes encoding enzymes
and proteins (Zhang et al., 2000).

IAA

Root TAA level was significantly decreased by the DS
treatment, irrespective of AMF inoculated or not (Fig; 3).
It is in agreement with the results of Man et al. (2011)
in two tall fescue cultivars exposed to DS. The AMF
inoculation represented a significantly higher root IAA
level than the non-AMF control, regardless of soil water
stressed or not. In general, IAA is positively associated with
drought tolerance (Zhang et al., 2009). Moreover, IAA is
closely related to root growth (Nordstrom et al., 1991).
Therefore, this result suggests that IAA changes induced
by mycorrhization are an important mechanism involved
in greater root morphology and drought tolerance.

ZR

CTK is an antagonist to ABA, and drought treatment
often results in decreased levels of CTK (Peleg and
Blumwald, 2011). This study indicated that the DS
treatment significantly decreased root ZR level than the
WW treatment (Fig. 3). Meanwhile, the AMF treatment
notably increased root ZR concentration by 79.4 and 55.9%
under the WW and the DS conditions, respectively. This
is in agreement with the results of Driige and Schénbeck
(1992) in flax plants. Higher ZR concentration in stressed
AM roots suggests that AMs enhanced sink strength and
promoted photosynthesis in the host plant (Novakova
et al., 2007).
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Fig 3. Effect of AMF and drought stress on root endogenous
phytohormone concentrations of trifoliate orange seedlings. Data
(means + SD, n=4) followed by different letters above the bars among
treatments indicate significant differences at the 5 % level. Abbreviation:
+AMF: inoculation with Funneliformis mosseae; -AMF: inoculation
without Funneliformis mosseae; WW: well-watered; DS: drought stress.

MeJA

MeJA has been identified as a vital cellular regulator
that mediates diverse plant developmental processes
and defense responses against biotic and abiotic stresses
(Cheong and Choi, 2003). The present study indicated
that the 6-week DS treatment resulted in a significant
decrease of root MeJA concentration in AM and non-AM
seedlings, as compared with the WW control (Fig, 3). The
AM seedlings had 28.2 and 40.4% significantly higher root
Me]J A level than the non-AM seedlings under the WW and
the DS conditions, respectively. The increase of MeJA
by mycorrhization, in this study, is in agreement with the
previous results as shown for several plant species (Hause
et al., 2002; Meixner et al., 2005). As stated by Ludwig-
Miiller (2010), JA contributed to the life cycle of the AM
fungus. Moreover, the up-regulation of JA biosynthesis
took place in arbuscule-containing root cells of Medicago
truncatula (Isayenkov et al., 2005). As a result, AMF may
strongly induce the upregulation of JA biosynthetic genes
involved in the DS response.

BRs

BRs are a group of naturally occurring plant steroidal
compounds, who have the characteristics of the
enhancement of stress tolerance through the cross-talk
between BRs and other hormones or BR-induced complex
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molecular changes (Krishna, 2003). Our study indicated
that application of the DS did not affect the change of
root BR in AM plants, but significantly decreased root BR
level in non-AM plants (Fig. 3). On the other hand, AM
roots recorded significantly higher BR levels only under the
DS, but not under the WW conditions, indicating greater
drought tolerance in AM plants.

GAs

GAs are an essential for many plant developmental
processes, including seed germination, stem elongation,
leaf expansion, trichome development, pollen maturation
and the induction of flowering (Achard and Genschik,
2009). In this work, the DS stress did not significantly alter
the root GAs level, as compared with the WW treatment,
irrespective of AM or non-AM plants (Fig. 3). Similarly,
the mycorrhizated treatment had not significant changes
in root GAs level under the WW and the DS conditions.
It implies that AMs did not provide any influences on the
root GAs level.

CONCLUSIONS

In short, the 6-week drought treatment resulted in the
decrease in root morphology, while the AMF inoculation
significantly enhanced the root morphological traits,
irrespective of drought stress or not. On the other hand,
the AMF inoculation positively stimulated the levels of
‘positive growth regulators’, including IAA and ZR, and
the concentrations of ‘stress hormones’, including ABA,
BRs, and MeJA, who strongly enhanced drought tolerance
in AM plants.
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