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Abstract Sophora davidii is an important leguminous scrub that is widely used for
revegetation in the semiarid Loess Plateau and other arid valley areas of China, where it
usually suffers drought stress. This study investigated the effects of arbuscular mycorrhizal
(AM) fungi (Glomus mosseae and Glomus constrictum) and water stress on the growth and
physiological performance of S. davidii seedlings under greenhouse pot conditions. Two
soil water availability treatments (well-watered (WW) —0.10 MPa; water-stressed (WS)
—0.86 MPa) were applied for 61 days. At the end of this experiment, G. mosseae and
G. constrictum had colonized the roots of S. davidii seedlings. Water stress inhibited AM
colonization, plant growth, chlorophyll concentration, gas exchange and chlorophyll
fluorescence of S. davidii seedlings. Mycorrhizal seedlings had greater shoot dry weight,
root dry weight, plant height, root length, instantaneous water use efficiency (iWUE), net
photosynthetic rate (Pn), stomatal conductance (g;), maximal photochemical efficiency of
PSII photochemistry (Fv/Fm), lower intercellular CO, concentration and photochemical
quenching values (qP), when compared with non-mycorrhizal seedlings under both WW
and WS conditions. Furthermore, G. constrictum was found to be more efficient at
improving the shoot and root mass, plant height, iWUE, Pn, g, qP, and ®PSII of S. davidii
seedlings, when compared with G. mosseae under both WW and WS conditions. Our
results demonstrate that AM Glomus symbiosis enhanced S. davidii seedling resistance by
improving its growth and physiological performance under water stress conditions. This
suggests that Glomus inoculation is a potential tool for enhancing outplanting performance
of S. davidii in semiarid areas of China.
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Introduction

Drought is a major environmental problem in arid and semi-arid areas, and it is expected to
increase in the near future as a consequence of anthropogenic disturbance and global
climate change (Goicoechea et al. 2005; Hura et al. 2007). When these areas are subjected
to water deficiency, soil fertility and structure can also be degraded, which limits the
natural revegetation and makes the ecosystem more fragile and susceptible to further
disturbances (Requena et al. 1997). Planting drought-tolerant legumes is a possible solution
for the revegetation and the improvement of soil fertility in these areas, since they can
provide nitrogen (N) to nutrient-deficient soils (Caravaca et al. 2003; Requena et al. 1997,
2001). Besides N fixation through symbiosis with bacteria, leguminous species are also
associated with arbuscular mycorrhizal (AM) fungi (Marques et al. 2001).

AM fungi are found in almost all terrestrial ecosystems, where they form symbiotic
relationships with the roots of approximately 80 % of all plant species (Smith and Read
1997). Plant-AM symbiosis can improve the performance of host plants (Aggangan et al.
2010; Bethlenfalvay et al. 1990; Goicoechea et al. 2005; Muthukumar and Udaiyan 2010;
Ruiz-Lozano et al. 1995a, b). AM fungi can also alleviate water stress through a combi-
nation of physical, physiological and cellular effects on plants (Allen and Boosalis 1983;
Ruiz-Lozano 2003; Requena et al. 1997, 2001; Wu et al. 2008b).

In recent years, the inoculation of leguminous plants with AM fungi before forestation
under drought conditions has received considerable attentions (Caravaca et al. 2003;
Marques et al. 2001; Requena et al. 1997, 2001). For example, Glomus coronatum and
Glomus intraradices help Anthyllis cytisoides to establish and thrive in Mediterranean
ecosystems by increasing growth and tissue N and P content (Requena et al. 1997).

Sophora davidii is a leguminous species native to East Asian temperate regions. It has
been extensively planted in semiarid hill and gully areas of the Loess Plateau and other arid
valley areas in China (Wu et al. 2008a). Plantations of S. davidii are used for windbreaks,
sand fixation, water and soil conservation, and reclamation of barren land (Wu et al.
2008a). This small shrub has a high tolerance to drought, because it has a deep root system,
small leaf area, and high leaf soluble sugars and K* concentration (Li et al. 2009).
S. davidii is well colonized by AM fungi, but there are few studies concerning the effects of
AM fungi on the growth and physiological performance of S. davidii seedlings, especially
under drought conditions (Feng et al. 2011).

This study compared the growth, water status, gas-exchange, and chlorophyll concen-
tration and fluorescense of non-mycorrhizal and Glomus inoculated S. davidii seedlings
under well-watered and water-stressed conditions. The objective of this study was to assess
whether AM Glomus inoculation and water stress affected the growth and physiological
performance of S. davidii seedlings. Furthermore, we aimed to determine if Glomus
inoculation improves the drought tolerance of S. davidii seedlings under greenhouse pot
conditions.

Materials and methods
Experimental design
Treatments were a factorial combination of two factors: (1) mycorrhizal inoculation: i.e.,

Glomus mosseae (Nicol. and Gred.) Gredeman and Trappe, Glomus constrictum (Trappe)
Gredeman and Trappe, and non-mycorrhizal control; (2) soil water availability, with two
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levels, i.e., well-watered (WW) and water-stressed (WS) conditions. Each of the six
treatments had five replicates (pots) with a total of thirty pots (one seedling per pot). Pots
were arranged in a complete randomized block design, and five blocks were applied in this
study.

Soil and biological materials

The soil substrate used in this study was topsoil (5-20 cm) collected in Yangling, Shaanxi
Province, China. The soil physicochemical properties were as follows: available N
33.61 mg kg™', Olsen P 11.34 mg kg ™', available K 94.26 mg kg~', organic matter
1642 g kg’l, and pH 7.9 (1:5 soil:water ratio). Prior to being used in the experiments, soil
was sieved through a 2 mm sieve, mixed with nursery substrates (sphagnum:perlite:ver-
miculite, 6:3:1, v/v/v) and fine sand (soil/nursery substrates/sand, 2:1:1, v/v/v), and auto-
claved at 0.11 MPa and 121 °C for 2 h.

Seeds of S. davidii were collected in September 2009 from the Zhifanggou watershed of
the Loess Plateau, Shaanxi Province, China (109°19’E, 36°51'N, and 1,010-1,431 m a.s.L.).
Seeds were dried for 1 week under sunlight, after which plump and fully developed seeds
were stored at room temperature (25 °C). Seeds of similar size were surface sterilized
before sowing using 0.5 % NaClO for 20 min, washed four times with sterile distilled
water, and then germinated on wet filter paper in Petri dishes at 28 °C. Ten days after
sowing, each seedling was transplanted into a conical frustum plastic container (15 cm top
diameter and 15 cm in depth) containing 1 kg of soil mixture.

Meanwhile, soil water content (SWC) in soil mixture was measured gravimetrically.
Water Weight (Wyater = Wiresh soit X SWC) and soil dl'y Weight (Wdry soil = Wiresh soil —
Waer) Of each pot were determined respectively. Ten pots were watered every day and
allowed to drain freely until weight was constant for 1 week, the difference between this
weight and W,y i1 Was used to calculate field water capacity (FC) (Li et al. 2009). The
SWC =425 £ 0.2 % at field water content. The SWC was kept at 32.0 £ 1.2 and
10.8 £ 0.7% for the 75 and 25 % FC regeimes. Soil water potential was determined by a
pressure plate apparatus (Richards 1941).

Both Glomus species were provided by the Institute of Plant Nutrition and Resources,
Beijing Academy of Agriculture and Forestry Sciences, China. Mycorrhizal inocula con-
sisted of rhizospheric soil, spores (spore density of 353-545 per 100 g dry soil), mycor-
rhizal hyphae, and infected root fragments (average 88 % colonization rate). Each pot was
inoculated with a 30 g inoculum of the mycorrhizal treatment, or a non-mycorrhizal
control treatment that consisted of 30 g of sterilized inoculum together with 10 ml of
fungi-free filtrate meshing from the inoculum suspension. Mycorrhizal inocula were placed
5 cm below the S. davidii seedlings at the time of transplantation.

Growth conditions

Seedlings were grown in a greenhouse between May and October 2010 at a temperature of
18-30 °C, with 60-75 % relative humidity and a 10-h day/14-h night photoperiod. During
the first 123 days (from May to August 2010), all inoculated and non-inoculated seedlings
were allowed to grow in the above conditions (referred to as the growth phase), and the soil
moisture in all pots was maintained at 75 % FC (—0.10 MPa of soil water potential). A 61
d water-stressed phase followed the growth phase between September and October 2010.
In this phase, half of the pots were maintained in a well-watered (WW) condition at 75 %
FC, whereas the reminder half were subjected to water-stress (WS) conditions at 25 % FC
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(—0.86 MPa of soil water potential) for a further 2 months (Wu et al. 2008b). Prior to
water stress initiation, irrigation of the WS seedlings was suspended until the soil moisture
reached 25 % FC. Aluminum foil covered the soil surface and the bottom of pots to limit
water loss. Water loss was measured gravimetrically by weighing the pots, and the value of
water loss in each pot was the difference between the Wi, soi1 in 75 or 25 % FC and the
actual Wi soi1- LOst water was replaced with fresh distilled water each day at 18:00, in
order to keep 75 and 25 % FC, respectively.

Plant measurements

Physiological parameters of S. davidii seedlings were measured at the end of the water
stress phase, and each treatment had five plants for plant measurements. Relative chlo-
rophyll concentration in the third expanded leaves was measured using a CM-1000
chlorophyll meter (Spectrum, Plainfield, Illinois, USA), according to the manufacturer’s
instructions. Gas exchange parameters, including, net photosynthetic rate (Pn), stomatal
conductance (g), intercellular CO, concentration (Ci) and transpiration rate (E), were
determined for the third expanded leaves using a portable open flow gas exchange system
LI-6400 (LI-COR, Inc., Lincoln, NE, USA) between 10:00 and 11:30 a.m. The photo-
synthetic photon flux density was 2,000 umol m 2 s~', the CO, concentration was
350 cm® m73, the leaf temperature was 25.0 °C, and the air flow rate was 0.5 dm® min—".
Instantaneous water use efficiency (iWUE) was calculated as the ratio of the net photo-
synthetic rate per transpiration rate.

Chlorophyll fluorescence of the third expanded leaves was measured at room temper-
ature (25.0 °C) between 10:00 and 11:30 a.m. using a modulated plant fluorometer
(Imaging-PAM, Heinz Walz GmbH, Germany), according to the manufacturer’s instruc-
tions. After darkening the leaves for 30 min, the minimum fluorescence (F,) and maximal
fluorescence (Fm) yields were recorded for dark-adapted leaves, while the steady-state (Fs)
and maximal (Fm’) fluorescence were determined for light-adapted leaves. The maximum
fluorescence yield (Fm) was attained with a 3 s saturating pulse (2,000 pmol m2s7h,
while the minimal fluorescence level in the light-adapted state (Fy') was determined by
illuminating with a 3 s far-infrared light (5 pmol m~2 s~ 1. The maximum quantum yield
of PSII (Fv/Fm, Fv = Fm — F,), the actual quantum yield of PSII (®PSII = (Fm’ — Fs)/
Fm'), the nonphotochemical fluorescence quenching (NPQ = (Fm — Fm’)/Fm’) and the
photochemical fluorescence quenching (qP = (Fm’ — Fs)/(Fm’ — Fo')) were calculated
(Maxwell and Johnson 2000).

After physiological measurements, shoots were cut 1 cm above the soil surface. Roots
were gently pulled up from the pots, washed with tap water, any dirt and soil was carefully
removed using fine-tip forceps (Aggangan et al. 2010). Plant height and root length were
measured using a steel ruler. Root and shoot biomass were determined by oven drying at
70 °C for 72 h. Relative water content (RWC) was calculated according to Barrs and
Weatherley (1962).

Root AM colonization was determined on 1 cm root sections after washing the intact
roots in distilled water. Root sections were cleared for 15 min in 10 % KOH at 90 °C,
bleached in alkaline hydrogen peroxide (3 ml NH,OH + 30 ml 10 % H,O, + 60 ml
H,0) for 20 min, acidified in 1 % HCI, and stained with 0.05 % (w/v) trypan blue in
lactophenol, according to Phillips and Hayman (1970). AM colonization was determined
using the gridline intersect method (Giovannetti and Mosse 1980).
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Statistical analysis

Data were analyzed using a two-way ANOVA with AM inoculation and watering as main
factors. Differences among treatment means were evaluated using Tukey’s multiple range
test. All statistical analyses were performed using SPSS (version 13.0 for Windows, SPSS
Inc., IL, USA).

Results
AM colonization

AM colonization was not observed in the roots of non-inoculated seedlings, and all
inoculated plants had been infected by Glomus species. AM colonization of seedlings
inoculated with G. constrictum was 83.4 % under WW conditions and 74.6 % under WS
conditions, while the G. mosseae colonization was 70.2 % under WW conditions and
62.8 % under WS conditions. AM colonization was significantly affected by water stress
(F =12.43, P < 0.01) and AM species (F = 7.68, P < 0.01) respectively, but not by the
interaction between water stress and AM species (F = 0.46, P > 0.05).

Plant growth

Water stress depressed shoot and root mass, plant height and root length in S. davidii
seedlings (Table 1). Inoculated seedlings had higher shoot and root mass, plant height, and
root length than non-inoculated seedlings. Furthermore, the two Glomus species had dif-
ferent capacities for stimulating seedling growth. The shoot and root mass and plant height
in G. constrictum-inoculated seedlings were significantly higher than those in G. mosseae-
inoculated seedlings. No significant difference in root length was found between Glomus
species.

Water status and chlorophyll concentration

Water stress decreased RWC and relative chlorophyll concentration, but had no effect on
iWUE in S. davidii leaves (Table 1, Fig. 1a). Mycorrhizal seedlings had a higher RWC
compared with non-mycorrhizal seedlings under WS conditions, but not under WW con-
ditions. iWUE was highest in G. constrictum-inoculated seedlings, and lowest in non-
inoculated seedlings. Relative chlorophyll concentration was no significant differences
among the three mycorrhizal treatments (single G. constrictum-, single G. mosseae- and
non-inoculation).

Gas exchange

Water stress decreased the Pn, g; and E, and increased the Ci in S. davidii seedlings
(Table 1). Mycorrhizal inoculation enhanced the Pn and g, and reduced the Ci, but it had
no influence on the E, when compared with the non-inoculation treatment. G. constrictum-
inoculated seedlings had significantly higher Pn and g, than G. mosseae-inoculated
seedlings. There were no significant differences in the Ci or E between G. constrictum- and
G. mossea-inoculated seedlings.
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Fig. 1 Effects of Glomus mosseae and Glomus constrictum on the relative water content (RWC), maximum
quantum yield of PSII (Fv/Fm), actual quantum yield of PSII (®PSII), and nonphotochemical quenching
values (NPQ) in Sophora davidii leaves under well-watered (WW) and water-stressed (WS) conditions.
Fswe, Famr and Fswe x amp represent the F-value of soil water conditions (SWC), AMF and
SWC x AMF; Values are means £ SD; *P < 0.05, **P < 0.01, NS not significant; the same letter in
each subfigure indicates no significant difference among treatments at P < 0.05 using Tukey’s test

Chlorophyll fluorescence

Water stress inhibited Fv/Fm, ®PSII, NPQ, and gP in S. davidii seedlings. However, the
negative effects of water stress on the Fv/Fm, ®PSII, and NPQ were significantly higher in
non-inoculated than in inoculated seedlings (significant interaction AM inocula-
tion x watering condirtions) (Table 1, Fig. 1b, c, d). Except in the case of G. constrictum-
inoculated seedlings under WW conditions, NPQ was not affected by AM inoculation. The Fv/
Fm in G. constrictum-inoculated seedlings was significantly higher than that in G. mosseae-
inoculated seedlings under WS conditions, but no notable difference in Fv/Fm was found
between G. constrictum- and G. mosseae-inoculated seedlings under WW conditions. The
OPSIlin G. constrictum-inoculated seedlings was significantly higher than that in G. mosseae-
inoculated seedlings under WW conditions, but no difference in ®PSII was observed between
G. constrictum- and G. mosseae-inoculated treatments under WS conditions.

Discussion

Water stress reduced AM colonization in S. davidii roots. This result is consistent with
other pot-based experiments using Cucumis melo (Huang et al. 2011), Poncirus trifoliata
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(Wu et al. 2008b), Fragaria virginiana (Victoria and Borowicz 2010), and Oryza sativa
(Ruiz-Sanchez et al. 2010). Water stress inhibits the germination of spores and the spread
of hyphae in the soil after initial AM colonization, which might explain the negative effects
of drought on AM colonization (Huang et al. 2011). Both Glomus species showed different
development in S. davidii roots, with G. constrictum exhibiting a higher colonization than
G. mosseae, irrespective of watering conditions. Higher AM colonization might better
improve the growth of host plants by providing added direct transport channels for water
and mineral nutrients under drought conditions (Ruiz-Lozano 2003).

Mycorrhizal symbiotic efficiency is often assessed in term of the growth status of host
plants under various abiotic stress conditions (Huang et al. 2011; Ruiz-Lozano et al. 1995a,
b). AM mycorrhization in the nursery improved the growth of S. davidii seedlings under
water stress relative to non-mycorrhized plants. Similar results were reported for other
leguminous plants, and indicates that these plants may have greater transplanting perfor-
mance in degraded and harsh sites (Requena et al. 1997, 2001; Marques et al. 2001).

Water plays an essential role in physiological processes of plants. Plants need to ensure
water uptake to be hydrated in order to survive under drought conditions (Kramer and
Boyer 1995; Souza et al. 2010). In this study, the leaf RWC of mycorrhizal plants was
higher than that in non-mycorrhizal plants, under WS conditions. This confirmed that AM
symbiosis can clearly improve the water status of host plants subjected to water stress
(Subramanian et al. 1995; Sanchez-Diaz et al. 1990). It is likely that the improved water
status of mycorrhizal seedlings was attributed to AM hyphae, which act as extensions of
the root system increasing water uptake capacity (Muthukumar and Udaiyan 2010; Ruiz-
Lozano 2003). Faber et al. (1991) estimated that the water transport rates of AM hyphae
ranged from 375 to 760 nl H,O h™", which is an adequate level to meet the water demand
of plants.

The two Glomus species decreased Ci and increased g, irrespective of soil-water status.
Plant photosynthesis often benefits from a higher Ci, but the reduction in Ci and the
increase in g, indirectly suggests an increase in photosynthetic efficiency (Ruiz-Sanchez
et al. 2010; Wu et al. 2008b). Compared to the non-AM seedlings, g, in G. mosseae-
inoculated seedlings were increased by 24 %, and in G. mosseae-inoculated seedlings by
39 %, respectively. Some reports also suggest that the gas exchange rate of mycorrhizal
plants is higher than that of non-mycorrhizal plants of similar size and nutrient status
(Allen and Boosalis 1983; Augé et al. 1986; Bethlenfalvay et al. 1990; Huang et al. 2011;
Ruiz-Lozano et al. 1995a, b). In order to keep their higher g, plant leaves need to lower
their thresholds of stomatal closure, mycorrhizal and non-mycorrhizal plants show dif-
ferent critical points of stomatal behaviour under water stress (Ruiz-Lozano 2003). For
example, the leaf water potential of Glomus fasciculatum-inoculated wheat was about
0.2 MPa lower than that of non-mycorrhizal seedlings when stomata began to close (Allen
and Boosalis 1983), while the leaf water potential at stomatal closure was 0.7 MPa lower
in mycorrhizal roses compared with non-mycorrhizal Rosa hybrida L. cv. ‘Samantha’
(Augé et al. 1986).

Light energy absorbed by chlorophyll molecules can be partly used to drive photo-
synthesis (photochemistry), but it can also be dissipated through chlorophyll fluorescence
(nonphotochemistry) (Maxwell and Johnson 2000). The two Glomus species significantly
increased the Fv/Fm and ®PSII in S. davidii seedlings, when compared with non-inocu-
lated plants under water stress conditions. This demonstrated that AM inoculation under
water stress conditions improved the energy cycling between the reaction centre and the
chloroplast pool, and it enhanced the efficiency of excitation energy capture by chloro-
plasts (Wu et al. 2008b; Maxwell and Johnson 2000). The gP in the leaves of mycorrhizal
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S. davidii was clearly higher than that in the leaves of non-mycorrhizal S. davidii, irre-
spective of soil-water status, which suggested that both inoculations increased the pho-
tochemical capacity of PSII in light-adapted leaves and the steady-state fraction of
oxidized PSII (Maxwell and Johnson 2000).

Glomus constrictum had a higher root colonization capacity, and increased plant growth
and physiological performance of S. davidii seedlings more than did G. mosseae. This
indicates that G. constrictum is a more efficient AM species than G. mosseae when col-
onizing S. davidii roots under water stress. According to our results, G. constrictum should
preferently be used to inoculate the culture of S. davidii seedlings in the semiarid Loess
Plateau of China. Similar results were reported for C. melo seedlings inoculated with
different Glomus species in the same plateau, under WS conditions (Huang et al. 2011).

This study investigated the responses in terms of the growth, chlorophyll concentration,
gas exchange, and chlorophyll fluorescence of S. davidii seedlings, when inoculated with
two Glomus species under WW and WS conditions. In conclusion, Glomus-inoculated
seedlings had higher performance under water stress conditions by improving the host
growth and physiological status, and by alleviating the photoinhibition of S. davidii leaves.
G. constrictum was found to be a more efficient fungus at improving the growth and
physiological performance of S. davidii seedlings, compared with G. mosseae under WW
and WS conditions. Re-establishing leguminous shrub communities is a key step in the
revegetation of arid and semi-arid areas, because they are very valuable for restoring soil
fertility and preventing erosion (Requena et al. 2001; Caravaca et al. 2003). The effec-
tiveness of AM symbionts in improving the outplanting performance of certain leguminous
plants has also been demonstrated in desertified Mediterranean areas and nutrient-deficient
tropical forests in south-eastern Brazil (Caravaca et al. 2003; Requena et al. 1997, 2001;
Marques et al. 2001). Revegetation strategies based on AM symbiont interactions
(mycorrhiza-leguminous shrub) might also be considered in other arid and semi-arid
ecosystems.
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