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Abstract: In recent years, the addition of microorganisms such as Plant Growth-Promoting Bacteria
(PGPB) and mycorrhiza are becoming more popular, both in research as well as in practical use.
While inoculants are usually not necessary for plants cultivated outdoors on biologically active soil,
they can be useful on sterile substrates, newly created artificial landscapes, and also in soils that
have been managed using non-selective sterilization methods, such as fumigation. In a multi-year
lysimeter experiment, we investigated the influence of a commercial mycorrhizal inoculum on
water use efficiency and biomass production of maize (Zea mays), sunflower (Helianthus annuus),
sweet clover (Melilotus officinalis), sweet sorghum (Sorghum bicolor), cup-plant (Silphium perfoliatum)
and tall wheatgrass (Elymus elongatus subsp. ponticus cv. Szarvasi-1) when exposed to high or low
ground-water levels. Results showed that all plants benefited from the mycorrhizal association.
Mycorrhizal-inoculated plants were more successful in terms of dry matter production and water use
than the non-mycorrhizal plants. The source of the mycorrhiza—autochthonous or introduced—made
no significant difference. The results indicate that inoculation with mycorrhiza and promotion of the
naturally abundant mycorrhiza in agricultural production systems can significantly contribute to a
sustainable production of crops. Effects depended on plant species, cultivar, soil type, ground-water
level and the mycotrophy of the individual crop species.
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1. Introduction

Since 1992, there are horticultural potting soils available that contain Bacillus subtilis
and commercial endomycorrhiza inoculum (predominantly Funneliformis mosseae and
Rhizophagus irreqularis). Sustainable and resource conserving management of horticultural
production systems includes efficient management of soil microorganisms such as mycorrhizas [1-4].
El Husseini et al. [5] and Chowdhury et al. [6] demonstrated the beneficial impact of organic fertilizer
containing Bacillus subtilis (FZB24®) or Bacillus amyloliquefaciens (RhizoVital®42), respectively on crop
production systems. The addition of Enterobacter radicincitans and commercially produced mycorrhizal
fungi also resulted in a promotion of plant growth [7,8].
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Usually, a commercial endomycorrhiza inoculum is produced in greenhouses on expanded
clay, with proliferation of mycorrhizal fungi on suitable host plants such as Zea mays cv. Badischer
Landmais, a cultivar with a high level of mycotrophy and Tagetes spp. At the end of the production
cycle, the expanded clay contains between 50 and 150 spores per mL of clay volume. Twenty kilogram
(60 L) of the inoculated expanded clay is mixed with one ton of organic fertilizer. This fertilizer called
“MYKO-AKTIV” (Cuxin DCM, Telgte, Germany) is used for the preparation of different horticultural
potting soil. One cubic metre of horticultural potting soil and 4 to 6 kg of MYKO-AKTIV fertilizer
are mixed. Currently there are about 60 different nursery substrates and horticultural potting soils
marketed in Europe.

Arbuscular mycorrhiza (AM), the symbiotic association between soil fungi and plant roots,
are known to protect host plants from the harmful effects of drought [7,9-12] and can improve the
nutrient uptake and growth of plants under water stress conditions. Various experiments under
controlled and field conditions have shown that mycorrhizal colonisation of roots increased drought
tolerance of different crops such as maize [13,14] wheat [15], soybean [16], onion [17], lettuce [18-21],
and red clover [22]. One of the mechanisms of the mycorrhizal symbiosis on host plant water balance
is increased root biomass and, subsequently, plant size. In particular, the mobilization and uptake of
phosphorus is often related to an increase in plant size [23].

This study focused on the influence of a commercial mycorrhizal inoculum on water use
efficiency and biomass production of maize, sunflower, sweet clover, sweet sorghum, cup-plant
(Silphium perfoliatum), and tall wheatgrass (Elymus elongatus subsp. ponticus) when exposed to high or
low ground-water levels in lysimeter experiments.

2. Experimental Section

Site Characteristics and Experimental Setup

The experiment was carried out in 24 lysimeters at the Lysimeter Station Paulinenaue in northeast
Germany with 515 mm precipitation/year (30 year average). The average precipitation during the
crop season is 318 mm, and the average annual temperature is 8.9 °C.

Stainless steel lysimeter vessels were filled in 1968 with undisturbed hydromorphic mineral soil
monoliths of low-level moors, half-bogs, humus gley, and sand gley, as well as loamy substrates.
The vessels have a surface area of 1 m? and are 1.5 m deep with fully adjustable ground water levels
at 40, 70, 100, and 120 cm below the surface (Figure 1). The latter three groundwater levels simulate
drought conditions.

The maize cultivar Nolween (at 30 kg seeds/ha), sunflower cultivar Aloa (at 7 seeds/m?),
sweet clover (at 22 kg/ha), grain sorghum cultivar Lussi (at 30 kg/ha), sudangrass cultivar Nutri
Honey (at 30 kg/ha), cup-plant (at 5 plants/m?), and tall wheatgrass cultivar Szarvazi-1 (at 20 kg/ha)
were planted at two different ground water levels (40 or 100 cm), and at more in some instances.

A commercial mycorrhizal product with two different species of mycorrhizal fungi
(Rhizophagus interadices and Claroideoglomus etunicatum) was applied to each treatment according
to the producer’s recommendation (75-100 g/m?) incorporated into the upper 20 cm of the soil.
Lysimeters without mycorrhiza application served as control. The planted lysimeters are shown in
Figure 2.

Root colonisation was monitored by staining fresh roots with a lacto glycerol-trypan blue solution
(0.05% w/v) to determine colonization progress [24]. The mean percentage of root colonization was
counted by the gridline intersection method (Brundrett et al.) [25]. A total of 100 root segments were
observed for each plant. In the 4 year experiment (2010-2014), 163 measurements were performed for
all species, for maize 43. The “deeper water level” and the mycorrhizal inoculation were compared to
control, with multifactorial ANOVA. The averages were determined by post hoc comparison using
Fisher’s least significant difference test (p = 0.95).
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Figure 1. Map of Germany with the ZALF experimental station in Paulinenaue in the state Brandenburg
(a) and lysimeter design (b).
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Figure 2. Experimental setup of the crop lysimeter experiment (Photo: Marion Tauschke 2014).

3. Results and Discussion

3.1. Inoculation Success

Root staining revealed that inoculated as well as control (non-inoculated) plants were colonised
with mycorrhizal fungi. The mycorrhizal colonisation of inoculated plants varied between 34% and 70%
and was not significantly different from that of control plants over the entire monitoring period of four
years (data not shown). Because of the colonisation potential of the naturally abundant mycorrhizal
fungi population present in the lysimeters, the mycorrhizal colonisation of control plant roots was as
high as 68%, e.g., in maize in 2011 and cup-plant in 2013.

The percentage of colonised root was not affected by the addition of the commercial inoculum
(Figure 3). However, in maize the colonization of roots was significantly increased (v = 0.53; p < 0.05)
after inoculation with the commercial inoculum in almost all treatments (Figure 4).
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Figure 3. Mycorrhizal colonisation of control and inoculated plants across all species.
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Figure 4. Mycorrhizal colonisation of maize plants.

3.2. Dry Matter

Although for most plant species there was no additional colonisation after application of the
commercial inoculum, the effect of colonisation by autochthonous populations and applied mycorrhiza
on plant development could be seen. The degree of mycorrhizal colonisation of the different plant
species was directly correlated (r = 0.71; p < 0.05) to dry matter production/m?. Plants with mycorrhizal
root colonisation of 60% formed 30% more dry matter than plants with only 30% mycorrhizal
colonisation (Figure 5). Moreover, the P and N content was significantly correlated (p < 0.05) with the
mycorrhizal colonisation of the roots with = 0.68, and r = 0.66, respectively.
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Figure 5. Correlation of mycorrhizal colonisation with plant dry matter across all species and years.
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3.3. Water Use Efficiency

Except for grain sorghum, the specific water use efficiency was improved for all plants with a
high percentage of mycorrhizal colonisation (r = 0.46). Mycorrhizal plants required less water than
non-colonised plants to produce 1 kg of dry matter. Plants with 60% root colonisation required about
25% less water to produce 30% more dry matter than plants with 30% colonisation (Figure 6), showing a
higher water use efficiency. Regardless of the degree of mycotrophy in the analysed plant species this
correlation was not affected.
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Figure 6. Correlation of root mycorrhizal colonisation and water use efficiency.

4. Conclusions

In our experiments all plant species benefited from mycorrhizal association. Colonised plants
of all species had greater dry matter production and less water use than non-mycorrhizal plants,
independent of the fungal origin-applied or autochthonous. The different species varied in the degree
of their reaction to the mycorrhiza. The effect was more pronounced the lower the ground water level.
Results showed that mycorrhiza can not only improve the growth of high performance crops, but also
promote their adaptation to different environmental conditions such as deep groundwater levels.
The results also indicated that inoculation with mycorrhiza in biologically active soils is not necessary.
However, they may be useful in sterile substrates, newly-created artificial landscapes, and also in soil
that has been managed using non-selective sterilization methods, such as fumigation.
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