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Abstract The objective of this study was to investigate the
effects of arbuscular mycorrhizal fungus (AMF) inoculation
on plant growth and drought tolerance in seedlings of a
promising oilseed crop, Sacha Inchi (Plukenetia volubilis L.),
under well-watered or drought conditions. AMF inoculation
was applied in four treatments: without AMF inoculation,
Glomus versiforme, Paraglomus occultum, or combination of
both microorganism inoculations. The results showed that
AMF colonization significantly enhanced the growth of Sacha
Inchi seedlings regardless of soil water conditions, and the
greatest development was reached in plants dually inoculated
under well-watered conditions. G. versiforme was more effi-
cient than P. occultum. Plants inoculated with both symbionts
had significantly greater specific leaf area, leaf area ratio and
root volume when compared with the uninoculated control,
G. versiforme, and P. occultum treatments alone, indicating a
synergistic effect in the two AMF inoculation. Photosynthetic
rate and water-use efficiency were stimulated by AMF, but not
stomatal conductance. Inoculation with AM fungus increased
antioxidant enzymes activities including guaiacol peroxidase
and catalase, thus lowering hydrogen peroxide accumulation
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and oxidative damage, especially under drought stress con-
ditions. However, proline content showed little change during
drought stress and AMF colonization conditions, which sug-
gested that proline accumulation might not serve as the main
compound for osmotic adjustment of the studied species.
These results indicate that AMF inoculation stimulated
growth and enhanced drought tolerance of Sacha Inchi seed-
lings, through alterations in morphological, physiological and
biochemical traits. This microbial symbiosis might be an
effective cultivation practice in improving the performance
and development for Sacha Inchi plants.

Keywords Arbuscular mycorrhizal symbiosis - Drought -
Growth - Oxidative stress - Plukenetia volubilis

Abbreviations

AMF  Arbuscular mycorrhizal fungi

CAT Catalase (umol H,O, min~" mgfl)
Chl Leaf chlorophyll content (g m™?)

GPX  Guaiacol peroxidase (umol min~' mg™")

G, Stomatal conductance (mol m~? s_l)

H,O, Hydrogen peroxide (umol g ')

MDA  Malondialdehyde (nmol g~ ")

Pnax  Light-saturated photosynthetic rate
(pmol m>2 sfl)

RGR  Relative growth rate (mg g~ ' day ™)

ROS  Reactive oxygen species

SLA  Specific leaf area (cm® g~ ")

LAR  Leaf area ratio (cm2 g_l)

WUE Water-use efficiency (umol mol ')

Introduction

Drought stress is considered to be one of the most impor-
tant abiotic factors that can limit plant growth and crop
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yield. Plants can avoid the damages induced by drought
through maximizing water uptake (e.g., tapping ground
water by deep roots) or minimizing water loss (e.g., sto-
matal closure, small leaves, etc.) (Chaves et al. 2003).
Apart from these morphological changes, plants have
evolved to employ a variety of physiological and bio-
chemical processes ranging from photosynthesis to anti-
oxidant defenses and solute accumulation as components
of drought tolerance (Lei et al. 2006; Ruiz-Sancheza et al.
2011). Production of excessive reactive oxygen species
(ROS) and generation of oxidative damage are typical
stress-derived physiological responses. ROS accumulation,
such as superoxide radicals (O, ), hydrogen peroxide
(H,0,) and hydroxyl radicals (T"OH), can seriously impair
the normal function of plants by lipid peroxidation, protein
degradation, DNA nicking and may even cause cell death
(Beligni and Lamattina 1999). To keep ROS under a
favorable level, plants possess antioxidative systems which
are composed of metabolites such as ascorbate, glutathi-
one, tocopherol, etc., and enzymatic scavengers such as
superoxide dismutase (SOD), peroxidases (GPX) and
catalases (CAT) (Asada 1999). Moreover, the other
potentially important mechanism of drought tolerance is
osmotic adjustment as a result of the accumulation of
compatible solutes in protoplasm, which allows cell
enlargement, stomata open and CO, assimilation during
drought conditions (Hare et al. 1998; Augé 2001).

Plants can benefit from external methods, i.e., the
application of various beneficial microorganisms including
arbuscular mycorrhizal fungus (AMF) as a low-cost, eco-
friendly and sustainable alternative technique to enhance
their drought resistance and growth performance (Ruiz-
Sancheza et al. 2011). The majority (probably 70-80 %) of
terrestrial plant species are capable of interacting with
AMF in nature as a result of coevolution over at least
450 million years (Smith et al. 2008). AMF brings about an
array of favorable influences on the host plants, such as
absorption of more water and access to poorly available
nutrients due to the fine exploration of the rhizosphere by
the hyphae (Navarro et al. 2009). In this sense, AMF
inoculation has been considered as an effective approach to
promote plant growth and favor survival under either biotic
or abiotic stress conditions (Smith et al. 2008). So far,
AMF-induced tolerance has been shown to be involved in
enhancement of drought, high salinity, chemical pollution
and oxidative stress, in numerous plants (Bressano et al.
2010; Abdel Latef and He 2011). It has also been found
that colonization by different AMF might result in different
responses in the same plant species (Abdel Latef and He
2011). However, whether there is synergistic, adding or
antagonistic effect in the interacting of different AMF,
symbiosis remains not well elucidated.
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Plukenetia volubilis (commonly known as Sacha Inchi),
a promising oilseed crop indigenous to the rain forests of
the Andean region of South America, has been successfully
introduced to Xishuangbanna, southwest Yunnan, China. It
is well known that Sacha Inchi seeds contain high con-
centration of omega fatty acids, which is beneficial to
human health (Hamaker et al. 1992; Cai 2011; Cai et al.
2011). Although the composition and properties of
P. volubilis seeds are relatively well known, to date there is
a lack of detailed information about its cultivation poten-
tial. Intensive research on this species can contribute to
future implementation of P. volubilis into the agricultural
systems of South China as an alternative crop which can
reduce local farmers’ dependence on cultivation of rubber
trees (Cai et al. 2012). We hypothesized that (1) when
exposed to drought stress, seedlings of P. volubilis will
adjust some morphological, physiological and biochemical
changes to acclimate the damage; (2) AMF inoculation can
alleviate the deleterious effect of water deficit and enhance
its growth; (3) different AMF symbiosis might display
contrasting effect under separate and combined colonization.

Materials and methods
Plant materials and experimental design

Seeds of P. volubilis were sown in Xishuangbanna Tropical
Botanical Garden (21°56’N, 101°15’E, 560 m asl), Chinese
Academy of Sciences in February, 2011. When the seed-
lings were approximately 15 cm tall, uniform seedlings
were transplanted into 20 x 30 cm pots containing 3 kg
autoclaved topsoil from the nearby forest. Four to six
seedlings were harvested 2 weeks after transplantation for
measurements of initial biomass. The remaining 120 pots
were grown inside a naturally lit greenhouse between
March and September 2011.

The treatments consisted of two levels of irrigation
(well-watered vs. drought), and four AMF conditions
(without AM inoculation, Glomus versiforme, Paraglomus
occultum, or combination of both G. versiforme and
P. occultum inoculation) in a randomized block design.
Each treatment included five replications, and three seed-
lings per replication were used. For the AMF treatment,
AM inoculum (containing approx. 500 spores; i.e., 10 g per
pot, dry weight) of G. versiforme, P. occultum, and every
5 g per pot from G. versiforme and P. occultum (both AM
treatment) was placed at 5 cm depth of soil mixture. These
mycorrhizal inocula were provided by the Institute of Plant
Nutrition and Resources, Beijing Academy of Agriculture
and Forestry Sciences, China. Water treatment began after
1 month of acclimation in greenhouse conditions. During
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the experiment, well-watered and drought stress pots were
controlled at 80 and 40 % of relative soil water content.
The water status in the substrate was daily determined and
the amount of water loss was supplied to each pot to keep
the designed soil water content according to our previous
method (Lei et al. 2006). At the end of the experiment, leaf
and whole-plant traits were measured.

Leaf water potential, chlorophyll and proline content
measurements

The pre-dawn leaf water potential was measured just
before the sunrise using a pressure chamber (PMS-1000,
PMS Instrument Co., Corvallis, Oregon). Total chlorophyll
was extracted with 80 % (v/v) acetone in the dark and
assayed with a spectrophotometer (UV-B 2501; Shimadzu,
Japan) based on the method of Cai et al. (2009). Free
proline was extracted and determined with acid ninhydrin
as described by Bates et al. (1973). The absorbance at
520 nm was determined using L-proline as standard.

Photosynthesis measurement

Gas exchange measurements were made between 0900 and
1100 hours with a portable infrared gas analyzer in open
system mode (LI-6400XT, Li-Cor). Five plants per treat-
ment were selected for photosynthetic measurements; one
leaf per plant was measured. Photosynthetic parameters
were measured on fully expanded, recently matured sun
canopy leaves. We measured net photosynthetic rate (Pp,ax)
and gas conductance (G,) under a light saturating irra-
diance (photon flux density = 1,500 pmol m~2 s7h
provided by an internal red/blue LED light source; LI6400-
02B) under ambient CO, concentration (380 ppm). Leaf
temperature and vapor pressure deficit (VPD) in the cuvette
were kept at 25-26 °C and less than 1 kPa, respectively.
Intrinsic water-use efficiency (WUE) was calculated as the
ratio of P to Gg.

Oxidative stress measurement

The levels of H,O, were measured by monitoring the
absorbance of the titanium-peroxide complex at 415 nm as
described by Lin and Wang (2002). Absorbance values
were calibrated to a standard curve generated using known
concentrations of H,0,. Leaf oxidative damage to lipids
was expressed as equivalents of malondialdehyde (MDA)
contents. After extraction and reaction with thiobarbituric
acid, the absorbance at 450, 532 and 600 nm was deter-
mined. The MDA content was calculated according to
Hodges et al. (1999).

For enzyme extracts and assays, 500 mg fresh leaves
were frozen in liquid nitrogen and then ground in 4 ml

solution containing 50 mM phosphate buffer (pH 7.0), 1 %
(w/v) polyvinylpolypyrrolidone, and 0.2 mM ascorbic acid.
The homogenate was centrifuged at 15,000g for 30 min,
and the supernatant was collected for enzyme assays.
Guaiacol peroxidase (GPX) (EC 1.11.1.7) activity was
based on the determination of guaiacol oxidation (extinc-
tion coefficient 26.6 mM ™" cm™ 1Y) at 470 nm by H,O, (Lin
and Wang 2002). The activity of catalase (CAT, EC
1.11.1.6) was determined as a decrease in absorbance at
240 nm for 1 min following the decomposition of H,O,
(coefficient of 39.4 mM~! cm™"). The reaction mixture
contained 50 mM phosphate buffer (pH 7.0) and 15 mM
H,0, (Beligni and Lamattina 1999).

Whole-plant traits and observation of AM development

At the end of the experiment, ten seedlings per treatment
were harvested and separated into leaves (including peti-
oles), stems, and roots. Leaf areas were determined with a
leaf area meter (LI-3100A; Li-Cor, Lincoln, NE). The
whole-plant root systems were carefully washed out from
the pots and cleaned before being scanned and the digital
images were quantified with DT-SCAN image analysis
software (Delta-T Devices, Cambridge, UK) for measuring
root morphological parameters, such as root length, root
surface area, and root volume (Cai et al. 2009). All tissues
were dried to a constant weight at 70 °C for 48 h. Leaf
mass ratio (LMR, g leaf/g plant), stem mass ratio (SMR, g
stem/g plant), root mass ratio (RMR, g root/g plant), spe-
cific leaf area (SLA, cm? leaf/g leaf) and leaf area ratio
(LAR, cm? leaf/g plant) were calculated. Relative biomass
growth rate (RGR, mg g~ ' day ') was calculated as:

RGR = [In(final plant mass) — In(initial plant mass)]/time.

A segment taken from the middle part of the ten roots
for each treatment was carefully washed, cut into 1-cm-
long sections and cleared with 10 % (w/v) KOH. Then the
root segments were stained with 0.05 % (w/v) trypan blue
prepared in lactophenol for 10 min. Examination of AM
development was done by a microscope (Olympus BH2,
Japan) equipped with a Nikon DXM1200 digital camera.
The pictures were collected as JPEG digital files. The AM
colonization was quantified according to the following
formula (Wu and Xia 2006):

AM colonization rate (%) = root length infected/
root length observed x 100 %

Statistical analysis
A two-way ANOVA analysis was performed for each

variable, with water and AM fungus inoculation as main
fixed factors, using SPSS 16.0. Prior to analysis, data were
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checked for normality and homogeneity of variance and, if
necessary, were transformed by taking log;o— or square
roots to satisfy the assumptions of ANOVA. Means were
separated by the LSD test (P < 0.05).

Results
Symbiotic development and leaf water potential

AM colonization was not observed in non-inoculated
plants. There were no significant water x AMF interac-
tions for mycorrhizal root colonization and pre-dawn leaf
water potential, implying that the responsiveness to
drought did not differ among AMF treatments (Fig. 1).
Drought significantly decreased the percentage of mycor-
rhizal root colonization (Fig. 1b). Inoculation with
G. versiforme alone had a greater effect than P. occultum
alone on the root mycorrhizal colonization, while the
highest percentage of mycorrhizal root colonization was
observed when both symbionts were inoculated together.
Pre-dawn leaf water potential increased in response to
increased water availabilities across all AMF treatments.
AM colonization affected water potential under drought
conditions, whereas not under well-water conditions
(Fig. 1a).

Growth and morphological traits

There was no significant water x AMF interactions for
RGR of Sacha Inchi seedlings (Table 1), indicating that
AMF colonization led to a similar, modest, increase in
RGR with an increase in water availability. Drought stress
significantly decreased, whereas either G. versiforme or
P. occultum inoculation enhanced the relative growth rate
(RGR) in seedlings of P. volubilis under well-watered or
drought stress conditions. Relative to P. occultum,
G. versiforme exhibited stronger growth stimulation. Fur-
thermore, when both symbionts were inoculated together,
the increase in the biomass accumulation was greater than
their separate symbiosis, indicating the synergistic effect of
AMF association. For example, the RGR under G. versi-
forme, P. occultum and both AMF inoculations were 1.19,
1.03 and 1.31 times that of the non-AMF colonized plants
under well-watered conditions, respectively; while under
drought stress the ratio was 1.32, 1.15 and 1.55, respec-
tively. These results also indicated the more profound
enhancement by AMF under drought stress than under
well-watered condition. Drought exhibited little effect on
biomass allocation, whereas AMF colonization decreased
SMR, leaving more biomass allocated to roots and leaves,
especially when associated with both symbionts. Drought
decreased LAR, whereas AMF colonization increased SLA
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Fig. 1 Water potential (a) and AM colonization rate (b) of
P. volubilis seedlings in response to watering and AM inoculations.
The values (mean + SE, n = 10) followed by a different letter
indicate significant difference at P < 0.05 level. Open and closed
bars represent well-watered and drought treatment, respectively. ns
not significant, P > 0.05; **P < 0.01; ***P < 0.001

and LAR. Compared to the treatment with no inoculation,
inoculation with AM fungi significantly enhanced root
growth as indicated by more total root length, larger root
surface area, and more root volume under well-watered or
drought stress conditions (Table 1).

Photosynthetic traits

There were no significant water x AMF interactions for all
leaf gas exchange parameters, implying that the responsive-
ness to drought did not differ among AMF treatments (Fig. 2).
Drought significantly decreased P,,,x and G, whereas
increased WUE. AMF colonization affected P,,,, and WUE,
with the highest values found when both symbionts were
inoculated together; whereas it had no effect on G;. To further
analyze intraspecific variation in growth rate under different
treatments, RGR was related to some of its underlying com-
ponents. RGR was significantly positively correlated with
Prax, SLA or LAR, but not with LMR (Fig. 3).

Leaf Chl and proline content and oxidative stress
Chl content decreased significantly by drought stress and

had no significant differences among all AMF treatments
under drought conditions (Fig. 4a). AMF colonization did



691

Acta Physiol Plant (2013) 35:687-696

onel BaIe Jed| Y7 ‘eare Jeol oyroads y7¢ ‘A[9A10adsar ‘oner ssew 1001 pue WS ‘Jed] YWY PUe YWS ‘YT el pmoIs aAne[al YOy Juedyrusis jou su
1000 > d s 100> d #x SO0 > d # ‘S0°0 < d "TPAS] §0°0 > J 12 SOUSIJIP JULOYIUSIS SJLOIPUI UWNJOD YILI UI I3[ JUSIJIP © £q PIMO0F (O] = u “FS T ULaW) san[ea YL

" s su su su su * su SU AV X I
sk sk sk H3k su su * su sk REIHLN
(1oA9] ueOyIu3IS) VAONY Aem-om],
qQL1’0 F 68°'L qe'1e F 1'Lee OCEL F I'CI9 qeT’ey F 1'88C  BOCC F €L8C  BIOE F 6'1c  POLTF §9¢ qescc F 9'I¢ qQI8'1 F 8'SC wsnoiq
B91°0 F €C'8 BR'E8 F 6971 BO'CL F 1018  By'LO F TTCSE  EBOLI FSI6C ®BOOY F L'IE  P6TT F Ve BOCY F 6'¢E BIL'T F ¥0¢ Potorem-[[oM
NV wog
FCT0 F €0°¢ P00 F 8'1¢CC Pr'¥8 F 6'61S °av'Ch F T€CC  4A8°0C F 1'S€C qeel'S F 1'8C qQeCI'S F I'ly  qeeeC F L'0¢ POCC F S61 wysnoIq
PST0 F S€°¢ POY'0€ F 9°0LC  29S°6L F ¥ I¥9  A8¢T F I'0¥C qe6’SI F 00SC  eyI'9 F I'6C Aelv'y F v'1¥ Qrce F S'6C 9T F 6'¢C  Palajem-[[om
wngmoId0 g
98C0 F LL9 POL9E F L'¥9C PIBTOI F O¥8S  ALOV F 6°'1ST qee’81 F I'6¥C  ®BCI'C F 6'6C 29LSC F L'LE 9qe90’¢c F S'CE 2¢0'C F TTC ysnoiq
qTy'0 F I¢L q98°CE F 1'08¢  qeO'¥6 F €SCL 9qeS'6S F €'6LC ABO'IE F +'09C 9qe8T'c F TLC 9qe69'c F 6'0F qeIL'T F 8'I¢ QLY'T F L'LT PpaIoyem-[[oM
2UL410fiS124 D)
HCO F LYY Y'SE F £90C PL99 F L'LOS OI'6¢ F €0IC OL'ST F 860C L0V F 6'8C 299C°¢ F G'LE BOCY F L'eE 986°C F 891 wsnoiq
POS0 F 16°6 GO F 6vLC 2AS°EIT F SPP9  A8'SY F €€9C 291'0C F +'0€C A S8C F I'vC B STTF LTy Qe yL'€ F TEe S IT'T F TET  Ppotojem-[[oM
NV ON
(W) ownjoA 100y (o) 20BLMS J00Y (W) YPSUS[ 100y  (;,_T jwo) YV (;_3 ,uw) yIS (%) A (%) dNS (%) dNT (;_Kep |3 Su) YOI JusuIEaL],

suonje[noour JINV pue jy3noip o) sasuodsar ur suI[pass siignjoa g jo syern juerd-ojoym ayJ, I dqelL

pringer

A



Acta Physiol Plant (2013) 35:687-696

692
I8 Water™, AM”, WaterAM™ @
T
o~ bc _?_ be be
ww L cd d
2 12 1 g T
2
g
=
Eof
A
A
0d -
Water , AM™, Water xAM™
—~ 04 a a a a
L 1 L I L b
‘E 03 b b b
IS
E 02}
Qm
0.1
B
0.0
60
Water , AM , WaterxAM' a
be b b p
o~ 48 + d cd .
E Tl -
Z 36t ™
o)
g
= s
m
=]
B 12 -
C
0

No AMF G. versiforme P. occultum Both AMF

Fig. 2 Leaf photosynthetic traits of P. volubilis seedlings in response
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P < 0.05 level. Open and closed bars represent well-watered and
drought treatment, respectively. ns not significant, P > 0.05;
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not affect leaf proline content, and drought also induced
little change of proline content within each AMF treatment
(Fig. 4b). Symbiosis of AMF significantly alleviated oxi-
dative damage, which was indicated by the lower contents
of H,0, (Fig. 4c) and MDA (Fig. 4d) compared with non-
mycorrhizal plants, especially under drought conditions.
On the other hand, AMF colonization enhanced the anti-
oxidant enzyme activities, including GPX (Fig. 4e) and
CAT (Fig. 4f), especially for GPX under both well-watered
and drought conditions.

Discussion

Drought stress incurred a large set of parallel changes in the
morphological, physiological and biochemical responses,
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P. volubilis seedlings

whereas AMF symbiosis can protect host plants against the
detrimental effects (Lei et al. 2006; Bressano et al. 2010;
Huang et al. 2011; Abdel Latef and He 2011). In our study,
AMF inoculation enhanced the water potential in leaves of
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P. volubilis seedlings (Fig. 1), which was consistent with
other studies (Ruiz-Sancheza et al. 2011). Colonization by
AMF improved the growth and development of P. volubilis
seedlings, indicated by the increase in P, (Fig. 2a), SLA,
LAR and RGR (Table 1). SLA is an indicator of leaf density
and thickness, which is positively associated with the
fraction of leaf mass in structural tissue (Poorter et al.
2009). SLA is also associated with N allocation to photo-
synthesis (Lei et al. 2011); and plants with higher SLA
allocate a higher fraction of leaf N to photosynthesis and
have a higher P,,,, thus higher RGR. Therefore, high SLA
might contribute to the ability to opportunistically capture
available resources for better growth and reproduction
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difference at P < 0.05 level. Open and closed bars represent well-
watered and drought treatment, respectively. ns not significant,
P > 0.05; *P < 0.05; **P < 0.01; ***P < 0.001

(Cai et al. 2009; Abdel Latef and He 2011). AMF symbiosis
did not affect G,, whereas significantly increased WUE.
Thus, AM-inoculated P. volubilis seedlings needed less
water to growth than non-AM plants since they can use
water more efficiently. RGR was positively correlated with
Praxs SLA or LAR (Fig. 3). The high P,,,x and LAR are
likely to have a higher light-capturing ability and total
photosynthetic carbon gain, and thus lead to the higher
RGR. This is in accordance with studies comparing fast-
growing and slow-growing woody species (Poorter 1999;
Cai et al. 2009). P,,,.x was found to correlate positively with
G, across all treatments (r = 0.72; P < 0.001), which
seems to be a common feature of drought-adapted species
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(Chaves et al. 2003). Therefore, the variation observed in
Prnax in the present study may be largely due to variations in
G,, caused by changes in stomatal aperture.

AM associations have been shown to induce modifica-
tions in root architecture and morphogenesis in herbaceous
plants as well as in trees, but with inconsistent results for
different plants and/or fungal species. Some studies found
that AMF colonization enhanced root branching as well as
root length, such as in Vitis vinifera (Schellenbaum et al.
1991) and carob (Cruz et al. 2004). In contrast, that AM
fungi inhibited root growth as indicated by less total root
length, smaller root surface area, and less root volume in
trifoliate orange and soybean were also found (Bressano
et al. 2010; Wang et al. 2011). These indicated that the
effects of AM association on root architecture may be plant
and/or fungal species dependent. We found that AMF
colonization significantly enhanced the total root length,
the root surface area, and the root volume in P. volubilis
seedlings, regardless of soil water conditions (Table 1).
Thus, that can improve water and nutrient uptake ability to
enhance growth and drought tolerance.

Water deficit also incurred serious oxidative damage as
the significant increases in H,O, and MDA contents
(Fig. 4). Under drought stress, high level of reactive oxy-
gen species maybe due to the partial stomata closure
indicated by the decrease in Gg, which may result in not
only the limitation of CO, fixation and lower photosyn-
thetic capacity, but also the inefficient dissipation of the
excessive excitation energy (Asada 1999). The H,O,
accumulation inflicted significant oxidative damage, man-
ifested by the increase in lipid peroxidation product of
MDA (Asada 1999) (Fig. 4d). AMF are obligate symbionts
and acquire carbon as energy source from their host plants
to complete their life cycle (Bago et al. 2000). In return, the
fungi provide multiple benefits for their hosts, including
enhanced mineral nutrition and tolerance to abiotic and
biotic stresses (Smith et al. 2011). Several studies on the
topic have demonstrated that the contribution of the AMF
symbiosis to plant drought tolerance results from a com-
bination of physical, nutritional, physiological, and cellular
effects. An improved drought tolerance may result not only
from direct water supply by extra-radical mycorrhizal
fungal hyphae (Augé 2001), but also from indirect
mycorrhizal effects, such as an improved nutrient status
(Smith et al. 2011; Wang et al. 2011), hormonal regulation
of stomata (Smith et al. 2008), a better osmotic adjustment
(Ruiz-Sancheza et al. 2011), and increased antioxidant
levels in AMF plants (Huang et al. 2011). AMF alleviated
the drought-induced oxidative damage of P. volubilis
seedlings, which maybe through enhancement of enzyme
activities, including GPX and CAT (Fig. 4). The more
efficient antioxidant system caused lower accumulation of
H,0, and lipid peroxidation product MDA. In addition, the

@ Springer

stimulation of photosynthetic ability and water-use effi-
ciency might also contribute to the drought tolerance of
P. volubilis seedlings (Asada 1999). On the other hand,
there was no significant increase in proline content under
drought stress or AMF colonization, suggesting that proline
maybe not as the main compatible solute participating in
osmoregulation and osmoprotection in P. volubilis seed-
lings. Actually, the precise role of proline remains a con-
troversial subject. For example, proline accumulation
seems to be a symptom of injury rather than an indicator of
salinity resistance in rice. Indeed, salt-resistant in rice
cultivars accumulate lower amounts of free proline than
salt-sensitive ones (Lutts et al. 1999) and exogenously
applied proline even exacerbates the salt-induced injuries
(Garcia et al. 1997). As a stress-related signal, the synthesis
of proline could be one of the earliest metabolic responses
triggered in the signal transduction pathway that links the
perception of many environmental stresses to the elicitation
of physiological response at the cellular level (Hare et al.
1998). Therefore, to clarify whether a change in proline
content is actually a signaling component and how it reg-
ulates gene expression and adjusts metabolic process will
undoubtedly be a challenge question and needs more
exploration.

Due to the large physiological and morphological vari-
ability among AMF, we can expect changes in their
behavior during the establishment of symbiosis, causing
responses in host plants ranging from a very efficient
symbiosis to the lack of effects or the occurrence of dele-
terious effects on growth. Zhang et al. (2010) found three
AM fungi enhanced drought tolerance of Casuarina
equisetifolia seedlings more pronouncedly than the other
three fungi belong to Glomus. Reis et al. (2011) also found
that Pinus pinaster benefited more from the association
with ectomycorrhizal fungi Pisolithus arhizus than with
Paxillus involutus in the antioxidant potential. Our result
showed that different AMF might display different effects.
For example, G. versiforme exhibited stronger stimulation
than P. occultum, in well accordance with the pervious
literature in which Glomus has been considered as the best
adapted genus for habitats subjected to drought (Pagano
et al. 2009). In addition, there was a synergistic effect when
the two symbionts were inoculated together, resulting in a
greater benefit (increased water status, growth rate and
increased antioxidant levels, and decreased drought-
induced oxidative damage, etc.) for the P. volubilis seed-
lings with co-inoculation than inoculation with AM fungi
alone. Babu and Reddy (2011) found that the combination
of AM fungi and phosphate solubilizing fungus Aspergillus
tubingensis elicited a synergistic effect by increasing plant
growth and uptake of nutrients with reducing metal trans-
location in fly ash ponds. The P solubilizing microorgan-
isms increase the mycorrhizal root colonization by
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producing specific metabolites such as vitamins, amino
acids and hormones apart from P solubilization (Barea
et al. 2005). Rhizobia AMF have developed similar rec-
ognition systems for plant flavonoids and then present
common properties in their interactions with plants. Thus, a
highly effective inoculation occurs if there is established a
synergistic interaction among effective symbionts of rhi-
zobia and/or mycorrhizal fungi. These results can be con-
sidered as a hypothetical signal of a symbiotic differential
compatibility of mycorrhizal fungus for a host. There is
considerable functional diversity among plant—-AM fungal
symbioses in terms of benefits and costs (C supply to the
fungus). Individual plants in the field will be colonized by
many fungal taxa, and the sum total benefits and costs
contribute to the success, in terms of growth and repro-
duction of host plants (Abdel Latef and He 2011; Wang
et al. 2011). The outcomes of the symbioses are determined
by interactions between plant and AMF genomes as well as
environmental conditions. This indicates a high probability
of being able to more generally identify, isolate, and cul-
ture fast colonizing AMF for use as inoculants in agricul-
ture and horticulture strategies, including P. volubilis
plants. Moreover, long-term field experiments are needed
for evaluating how the AMF affected ecophysiological
traits, seed yield and seed chemicals of P. volubilis plants.
In conclusion, our results show that AMF colonization
improved the growth of Sacha Inchi seedlings under both
drought and well-watered conditions, which mainly con-
tributed to the higher SLA, LAR and P,,.,. At the molec-
ular level, higher antioxidant enzyme activities were
detected in the AM plants, consistent with the enhanced
drought tolerance. The enzymes responsible for elimination
of ROS and alleviation of oxidative stress were induced to
a larger degree in the AMF plants. However, proline may
be not as the main compatible solute participating in
osmoregulation in Sacha Inchi plants. All of these results
demonstrate that AMF inoculation results in growth pro-
motion and a well-established defense mechanism against
the drought, in which mitigation of oxidative stress might
be a crucial part. Thus, the encouragement of this symbi-
osis symbiotic association between AMFs and Sacha Inchi
plants is therefore of great interest in its commercial pro-
duction, especially in many arid and semi-arid regions.

Author contribution Y.H.T. and Z.Q.C. conceived and
designed the experiments; Y.H.T., Y.B.L. and Y.L.Z. col-
lected, analyzed the experimental data and prepared the
first draft. All authors contributed substantially to revising
the manuscript.

Acknowledgments This work was financially supported by grants
(KSCX2EWQ17, KSCX2EWZ15) from Chinese Academy of Sci-
ences, and by grants (30900220, 31170641) from the National Sci-
ence Foundation in China.

References

Abdel Latef AA, He C (2011) Arbuscular mycorrhizal influence on
growth, photosynthetic pigments, osmotic adjustment and oxi-
dative stress in tomato plants subjected to low temperature stress.
Acta Physiol Plant 33:1217-1225

Asada K (1999) The water—water cycle in chloroplasts: scavenging of
active oxygens and dissipation of excess photons. Annu Rev
Plant Physiol Plant Mol Biol 50:601-639

Augé RM (2001) Water relations, drought and vesicular-arbuscular
mycorrhizal symbiosis. Mycorrhiza 11:3-42

Babu AG, Reddy MS (2011) Dual inoculation of arbuscular
mycorrhizal and phosphate solubilizing fungi contributes in
sustainable maintenance of plant health in fly ash ponds. Water
Air Soil Pollut 219:3-10

Bago B, Pfeffer PE, Shachar-Hill Y (2000) Carbon metabolism and
transport in arbuscular mycorrhizas. Plant Physiol 124:949-958

Barea JM, Pozo MJ, Azcon R, Azcon-Aguilar C (2005) Microbial co-
operation in the rhizosphere. J Exp Bot 56:1761-1778

Bates LS, Waldren SP, Teare ID (1973) Rapid determination of free
proline for water-stress studies. Plant Soil 39:205-207

Beligni MV, Lamattina L (1999) Nitric oxide counteracts cytotoxic
processes mediated by reactive oxygen species in plant tissues.
Planta 208:337-344

Bressano M, Curetti M, Giacheroa L, Gil SV, Cabello M, March G,
Ducasse DA, Luna CM (2010) Mycorrhizal fungi symbiosis as a
strategy against oxidative stress in soybean plants. J Plant
Physiol 167:1622-1626

Cai ZQ (2011) Shade delayed flowering and decreased photosynthe-
sis, growth and yield of Sacha Inchi (Plukenetia volubilis) plants.
Ind Crops Prod 34:1235-1237

Cai ZQ, Wang WH, Yang J, Cai CT (2009) Growth, photosynthesis
and root reserpine concentrations of two Rauvolfia species in
response to a light gradient. Ind Crop Prod 30:220-226

Cai ZQ, Yang Q, Tang SX, Dao XS (2011) Nutritional evaluation in
seeds of a woody oil crop, Plukenetia volubilis Linneo. Acta
Nutr Sin 33:193-195

Cai ZQ, Jiao DY, Tang SX, Dao XS, Lei YB, Cai CT (2012) Leaf
photosynthesis, growth and seed chemicals of Sacha Inchi
(Plukenetia volubilis) plants cultivated along an altitude gradi-
ent. Crop Sci 52:1859-1867

Chaves M, Maroco JP, Pereira JS (2003) Understanding plant
responses to drought—from genes to the whole plant. Funct
Plant Biol 30:239-264

Cruz C, Green JJ, Watson CA, Wilson F, Martins-Loucao MM (2004)
Functional aspects of root architecture and mycorrhizal inoculation
with respect to nutrient uptake capacity. Mycorrhiza 14:177-184

Garcia AB, Engler JDA, Iyer S, Gerats T, Van Montagu M, Caplan
AB (1997) Effects of osmoprotectants upon NaCl stress in rice.
Plant Physiol 115:159-169

Hamaker BRC, Valles R, Gilman RM et al (1992) Amino acid and
fatty acid profiles of the Inca peanut (Plukenetia volubilis L.).
Cereal Chem 69:461-463

Hare PD, Cress WA, Van Staden J (1998) Dissecting the roles of
osmolyte accumulation during stress. Plant Cell Environ
21:535-553

Hodges DM, Andrews CJ, Johnson DA, Hamilton RI (1999)
Antioxidant compound responses to chilling stress in differen-
tially sensitive inbred maize lines. Physiol Plant 98:685-692

Huang Z, Zou ZR, He CX, He ZQ, Zhang ZB, Li JM (2011)
Physiological and photosynthetic responses of melon (Cucumis
melo L.) seedlings to three Glomus species under water deficit.
Plant Soil 339:391-399

Lei YB, Yin CY, Li CY (2006) Differences in some morphological,
physiological, and biochemical responses to drought stress in

@ Springer



696

Acta Physiol Plant (2013) 35:687-696

two contrasting populations of Populus przewalskii. Physiol
Plant 127:182-191

Lei YB, Feng YL, Zheng YL, Wang RF, Gong HD, Zhang YP (2011)
Innate and evolutionary advantages of invasive Eupatorium
adenophorum over native E. japonicum under ambient and
doubled atmospheric CO, concentrations. Biol Invasions
13:2703-2714

Lin J, Wang G (2002) Doubled CO, could improve the drought
tolerance better in sensitive cultivars than in tolerant cultivars in
spring wheat. Plant Sci 63:627-637

Lutts S, Majerus V, Kinet JM (1999) NaCl effects on proline
metabolism in rice (Oryza sativa) seedlings. Physiol Plant
105:450-458

Navarro A, Sanchez-Blanco MJ, Mortec A, Banon S (2009) The
influence of mycorrhizal inoculation and paclobutrazol on water
and nutritional status of Arbutus unedo L. Environ Exp Bot
66:362-371

Pagano MC, Scotti MR, Cabello MN (2009) Effect of the inoculation
and distribution of mycorrhizae in Plathymenia reticulata Benth
under monoculture and mixed plantation in Brazil. New Forest
38:197-214

Poorter L (1999) Growth responses of 15 rain-forest tree species to a
light gradient: the relative importance of morphological and
physiological traits. Funct Ecol 13:396-410

Poorter H, Miinemets U, Poorter L (2009) Causes and consequences
of variation in leaf mass per area (LMA): a meta-analysis. New
Phytol 182:565-588

Reis FS, Ferreiral ICFR, Barros L (2011) Mycorrhizal induction of
phenolic compounds and antioxidant properties of fungi and
seedlings during the early steps of symbiosis. Chemoecology
21:151-159

@ Springer

Ruiz-Sancheza M, Armadab E, Munoza Y, Salamonec IE, Arocab R,
Ruiz-Lozanob JM, Azconb R (2011) Azospirillum and arbuscular
mycorrhizal colonization enhance rice growth and physiological
traits under well-watered and drought conditions. J Plant Physiol
168:1031-1037

Schellenbaum L, Berta G, Ravolanirina F, Tisserant B, Gianinazzi S,
Fitter AH (1991) Influence of endomycorrhizal infection on root
morphology in a micro-propagated woody plant species (Vitis
vinifera L.). Ann Bot 68:135-141

Smith SE, Read DJ, Venekamp JH (2008) Mycorrhizal symbiosis, 3rd
edn. Academic, London

Smith SE, Jakobsen I, Gronlund M, Simth FA (2011) Roles of
arbuscular mycorrhizas in plant phosphorus nutrition: interac-
tions between pathways of phosphorus uptake in arbuscular
mycorrhizal roots have important implications for understanding
and manipulating plant phosphorus acquisition. Plant Physiol
156:1050-1057

Wang J, Huang Y, Jiang XY (2011) Influence of ectomycorrhizal
fungi on absorption and balance of essential elements of Pinus
tabulaeformis seedlings in saline soil. Pedosphere 21:400—406

Wu QS, Xia RX (2006) Arbuscular mycorrhizal fungi influence
growth, osmotic adjustment and photosynthesis of citrus under
well-watered and water stress conditions. J Plant Physiol
163:417-425

Zhang Y, Zhong CL, Chen Y, Chen Z, Jiang QB, Wu C,
Pinyopusarerk K (2010) Improving drought tolerance of Casu-
arina equisetifolia seedlings by arbuscular mycorrhizas under
glasshouse conditions. New Forest 40:261-271



	Synergistic effect of colonization with arbuscular mycorrhizal fungi improves growth and drought tolerance of Plukenetia volubilis seedlings
	Abstract
	Introduction
	Materials and methods
	Plant materials and experimental design
	Leaf water potential, chlorophyll and proline content measurements
	Photosynthesis measurement
	Oxidative stress measurement
	Whole-plant traits and observation of AM development
	Statistical analysis

	Results
	Symbiotic development and leaf water potential
	Growth and morphological traits
	Photosynthetic traits
	Leaf Chl and proline content and oxidative stress

	Discussion
	Acknowledgments
	References


