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Abstract. Symbiotic associations with the soil microbiota, particularly with arbuscular mycorrhizal fungi
(AMF), might ameliorate the effects of environmental stress on plants, and this capacity may be different
for resident and alien species. In a growth room pot experiment we tested if imposed water deficit leads to
greater growth reduction in the absence of AMF than in the presence of AMF for two non-invasive
resident (Danthonia alpina, Chrysopogon gryllus) and two invasive (Calamagrostis epigejos, Cynodon
dactylon) grass species from semiarid temperate grasslands in Hungary. Both deficit watering and soil
sterilization decreased biomass accumulation, but the non-invasive Danthonia and Chrysopogon
performed better when grown in intact soil containing AMF than in sterilized soil. In contrast, the
invasive Calamagrostis and Cynodon displayed mostly no difference in growth and biomass
accumulation between intact and sterilized soil when subjected to water deficit. When plants were grown
well-watered but deprived of AMF symbionts, both Danthonia and Chrysopogon achieved poorer growth
than in AMF containing soil, while neither Calamagrostis nor Cynodon displayed any reduction. These
results indicate that the influence of deficit watering was ameliorated by the presence of AMF in the soil
for the resident non-invasive species, while not for the invasive species.
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Introduction

Plant invasions are among the most serious threats to biodiversity worldwide (Lovei,
1997; Vitousek et al., 1997; Mack et al., 2000). There is a wide range of mechanisms
through which invasive plants succeed to mass appearance in alien ecosystems (see
Hierro et al., 2005 for review). Among others, these include interactions of the invasive
plant with the resident soil microbiota (Kourtev et al., 2002; Lorenzo et al., 2010;
Bozzolo and Lipson, 2013), particularly with arbuscular mycorrhizal fungi (AMF,
Pringle et al., 2009). Invasive plants are often non-mycorrhizal, facultative mycorrhizal
(forming association with AMF or not, depending on the environment) or establish
association with widely distributed generalist AMF taxa, thus their spread is not
restricted by the need of parallel dispersal of specific symbiotic fungi (Richardson et al.,
2000; Pringle et al., 2009; Moora et al., 2011; Steinlein, 2013). For non-mycorrhizal or
facultative mycorrhizal invasives, plant assimilates saved on mycorrhizal symbiosis can
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be invested into an increased competitive ability (Richardson et al., 2000). The sheer
abundance of the alien plant in the new habitat has the capacity to modify the soil AMF
community as the alien plant establishes symbiosis with different AMF taxa than
resident plants do (Mummey and Rillig, 2006; Niu et al., 2007; Vogelsang and Bever,
2009; Zhang et al., 2010). By a rapid growth and flowering earlier than resident species,
invasive plants may preempt the soil AMF community and shape its composition to
their own benefit (Wilson et al., 2012). The invasive species can even directly interfere
with the local AMF community via releasing inhibitor allelochemicals (Stinson et al.,
2006; Hale et al., 2011). In other instances, the alien utilizes the local AMF community
to divert assimilates from its neighbors (Reinhart and Callaway, 2006). The limited
reliance of invasive plants on AMF is also reflected by the fact that the success of
numerous invasive plants is associated with some sort of soil disturbance, which
severely harm the soil microbial community itself (Richardson et al., 2000; Steinlein,
2013). In habitats where the soil AMF community is inherently poor (e.g. in early
phases of primary succession) invasive species are typically members of non-
mycorrhizal plant families (e.g. Amaranthaceae, Brassicaceae; Goodwin, 1992;
Richardson et al., 2000).

Arbuscular mycorrhizal fungi (AMF) form symbiosis with the overwhelming
majority of terrestrial plants (Wang and Qiu, 2006). Its numerous benefits to the plant
include improved mineral (particularly P) nutrition, better water supply and protection
against certain root pathogenic fungi (Brundrett, 1991; Newsham et al., 1995; Hu et al.,
2014). The AMF symbiosis has been shown to alleviate the effects of various abiotic
stresses such as salt stress (Evelin et al., 2009), heavy metals (Hildebrandt et al., 2007),
soil compaction (Miransari et al., 2008), and especially water shortage (Al-Karaki et al.,
2004; Kristek et al., 2005; Wu and Xia, 2006; Doubkova et al., 2013). The mechanisms
of AMF induced water stress amelioration include a more efficient exploration of the
soil through modification of root morphology (i.e. thinner, longer, more frequently
branching roots), improvement and stabilization of soil aggregate structure resulting in
higher water holding capacity, enhancement of the accumulation of osmotically active
substances in roots, better protection against photodamage through higher amount of
plant antioxidants, and enhancement of plant water uptake via stimulation of plant
metabolic activity (Augé, 2001; Rapparini and Pefuelas, 2014). For example,
Doubkova et al. (2013) measured better plant water status and growth in AMF
associated than in non-mycorrhizal Knautia arvenis plants when subjected to water
stress, and detected a stress severity threshold beyond which the AMF alleviation of
water stress failed. In a pot experiment, Zhu et al. (2012) observed higher water content,
stomatal conductance, photosynthetic rate and photochemical efficiency for mycorrhizal
then for non-mychorrizal maize plants. In a meta-analysis of 54 studies, Jayne and
Quigley (2013) quantitatively affirmed that under water deficit conditions mycorrhizal
plants achieve greater growth and yield than non-mycorrhizal plants, and in this respect
perennials respond more strongly than annuals, and woody plants benefit more than
herbaceous plants.

Based on these properties of AMF and invasive plants, we assumed that for non-
invasive resident species the presence of the local AMF community in the soil can
ameliorate the unfavorable effects of water shortage on plant performance through
symbiotic interaction. For invasive species, however, AMF will not make any
substantial difference in response to water deficit. To test this hypothesis we grew two
invasive and two non-invasive perennial grass (Poaceae) species in a growth room in
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intact or in sterilized field soil, and recorded their photosynthetic and growth responses
to deficit watering. We chose grass species for this study because they are dominant
components of grasslands, are strongly associated with AMF and include a number of
invasive species (Holm et al., 1977; Wang and Qiu, 2006).

Material and Methods
Species studied

Four perennial grass (Poaceae) species representing two categories of invasiveness
were selected; natural species characteristic in undisturbed vegetation, and aggressive
colonist species overwhelming the community upon disturbance (hereafter referred to as
invasive species). One C3 species and one C,4 species were included in each group to
represent the two major photosynthetic pathway types. In a meta-analysis, C, grasses
were found to be more responsive to mycorrhizal inoculation than Cs; grasses
(Hoeksema et al., 2010). Danthonia alpina Vest is a natural (sub)dominant C3 grass in
species-rich xero-mesic grasslands and forest steppe meadows (Illyés and Boloni,
2007). The C4 tall bunchgrass Chrysopogon gryllus (L.) Trin. is a natural component of
xerothermic grasslands, often at the driest microsites (Fekete et al., 1998, 2000).
Calamagrostis epigejos (L.) Roth is a rhizomatous tall C3 grass, an aggressive weed
which often appears abundantly and halts succession on forest clearings, abandoned
agricultural land and in semiarid grasslands (Rebele and Lehmann, 2001; Mihaly and
Demeter, 2003; Illyés and Boloni, 2007; Somodi et al., 2008; Hazi et al., 2011). The Cy4
plant Cynodon dactylon (L.) Pers originates from North Africa, but is distributed
worldwide today and is considered the second most noxious weed in the world (Holm et
al., 1977). 1t is a presumed archaecophyte in Hungary (Terpé et al., 1999) and usually
reaches dominance in warm, open, strongly disturbed habitats (Z6lyomi and Fekete,
1994; Torok et al., 2008). These latter two grasses were considered as invasive species
in this study due to their insignificant presence in undisturbed natural vegetation and
aggressive expansion upon disturbance, although Calamagrostis epigejos is native to
Hungary, and Cynodon dactylon has long been part of the flora to be considered as
naturalized. Biological invasion phenomena, however, are not restricted to alien species
as native species may also overwhelm new habitats (i.e. native invasive species, Valéry
et al., 2008, 2009). Hereafter species will be shortly referred to by their genus name.
AMF symbiosis have been reported for Calamagrostis (Rebele and Lehmann, 2001,
Rydlova and Vosatka, 2001; Kovacs and Szigetvari, 2002), Cynodon (Kovacs and
Szigetvari, 2002; Lingfei et al., 2005) and Chrysopogon (Endresz et al., 2013).

Growth conditions and experimental treatments

Seeds of each species were collected in the same seminatural semiarid grassland at
Tard (NE Hungary) between June and September 2007 and stored in paper bags at room
temperature until the experiment started in February 2008. Seeds were surface sterilized
in 5% sodium hypochlorite (NaOCI) for 10 min, rinsed with deionized water and
germinated on sterilized sand in petri dishes under laboratory conditions. To enhance
germination, dry seeds were first incubated at 5 °C (for one and two weeks for C4 and
Cs species, respectively), then warm stratified at 30/20 °C day/night temperature for a
week. Pots (of 1.5 | volume) were filled with the same amount of a 1:1 mixture of
perlite and sieved soil collected in the plant’s original habitat. (Perlite was added to the
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soil to provide good soil aeration, water regime and a more even distribution of
nutrients added in pulses.) Five seedlings of the same species were planted in each pot
and thinned to one plant per pot at 35-42 days after planting (DAP). Plants were grown
in a growth room receiving natural light augmented by a 1000-W artificial halogen light
source over a daily photoperiod of 12 h. Mean Photosynthetic Photon Flux Density
(PPFD) measured right above the grass foliage varied between 440 and 810 pmol
photon m™2 s in summer, and between 150 and 440 pmol photon m > s in spring on
clear days. Pots were rotated every 2 weeks to minimize the effects of possible
heterogeneous light distribution on the bench. Air temperature and humidity was
measured hourly by using an HOBO Pro RH/Temp device (Onset Computers Inc.,
Bourne, MA, USA). Mean air temperature was 23.0+4.0 °C, relative air humidity varied
between 33 and 58% during the day. Plants were watered regularly (every third day),
and supplied with mineral nutrients (0.5 ml per pot, 13% N, 4.5% P,0s, 6.5% K0 plus
micronutrients (percentage in the 0.5 ml solution), Vitaflora, Hungary) at 3-week
intervals.

A factorial experiment was set up to test the effects of AMF and water shortage on
photosynthesis and growth of the plants differing in invasiveness. For the AMF
treatment, half of the pots were filled with sieved field soil (thus containing the original
soil microbiota, including AMF), while the other half contained sterilized sieved field
soil (treatment denoted hereafter as sterile soil). Soils were sterilized (heat pasteurized)
through several consecutive cycles of heating in a forced ventilation oven at 80 °C for
six hours and subsequent moist incubation at room temperature for one day. With this
procedure we aimed at depleting the AMF spore bank in the soil. To examine the
influence of water shortage, half of the pots received adequate water to keep their soil
continuously wet, while the other half was watered with the same frequency but by
adding only one third of the amount of water given to the control each time (deficit
watering treatment, started at 42-45 DAP). With this reduced water supply our purpose
was to impose a moderate water stress on plants and thus allow the expression of both
plant and AMF stress responses. A drastic drought treatment of complete withholding of
water from the plants might have resulted in the early death of plants. The two factors
with two levels each resulted in four treatments (control (well watered with AMF
containing soil), deficit watering; sterile soil and deficit watering+sterile soil). For each
species, control and sterile soil treatment contained four independent replicates (pots,
n=4), while deficit watering and deficit watering + sterile soil treatments were replicated
five times (n=5).

Plant biomass and physiological measurements

Aboveground parts were harvested at 132-140 DAP and were separated into leaves
and stems. Roots were carefully washed from the soil with water. Leaves, stems and
roots were dried to constant weight in an oven at 75 °C and their dry weight was
measured (LW, SW and RW, respectively). Before drying, for a subsample of leaves,
leaf area (one sided surface area) was measured by using a LI-COR LI-3000A leaf area
meter (LI-COR Inc., Lincoln, Nebraska, USA) to a 0.1 cm? accuracy, and specific leaf
area (SLA, area of unit leaf dry weight) was determined. Using SLA obtained in this
way, total leaf area per plant (LA) was calculated from the plant’s leaf dry weight (LW).
From these data, the following variables were calculated: root weight ratio (RWR, root
dry weight per unit plant dry weight), stem weight ratio (StWR, stem dry weight per
unit plant dry weight), leaf weight ratio (LWR, leaf dry weight per unit plant dry
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weight), and leaf area ratio (LAR, leaf area per unit plant dry weight). To determine
initial plant weight and leaf area for growth analysis, 4 (well watered treatments) or 5
(deficit watering treatments) plants per species and AMF treatment were harvested at
41-44 DAP (right before the water deficit treatment started) and LW, SW, RW and LA
were measured. For each variable, the average of the 4-5 replicates were used as initial
value in subsequent calculation of relative growth rate (RGR).

To assess the plants’ photosynthetic activity, we measured instantaneous leaf gas
exchange and chlorophyll-a fluorescence at 103-107 DAP on four (well-watered) or five
(deficit watering) replicates (n=4 or 5). The leaf was incubated under 1000 umol photon
m? st (i.e. saturating) actinic white light and as readings became steady net
photosynthetic rate (P,) and stomatal conductance for water vapor (gs) were recorded.
The P,/gs ratio was used as a measure of instantaneous photosynthetic water use
efficiency (PWUE). These leaf gas exchange variables were calculated based on von
Caemmerer and Farquhar (1981), and the steady state values were obtained as the mean
of the last 20 consecutive data points (10 min) of the measurements (following the
procedure used by Horton and Neufeld (1998) to obtain Py, max). An ADC LCA-4 open
system infrared gas analyzer with PLC4-B leaf chamber (Analytical Development Co.,
BioScientific Ltd., Hoddesdon, UK) was used for the measurements. Chlorophyll-a
fluorescence was measured on the same leaf immediately after leaf gas exchange
measurement. The leaf was allowed to incubate to an 1000 pmol photon m™ s™ actinic
white light and the light-incubated chlorophyll fluorescence parameters were
determined such as PSII actual photochemical efficiency (®PSII), PSIlI antenna
efficiency (F,'/Fn"), photochemical quenching (qP) and non-photochemical quenching
(NPQ) following Maxwell and Johnson (2000). Then the leaf was dark incubated for at
least 15 min and the dark-incubated fluorescence parameters (Fo, Frn, Fv) Were measured
and the maximum photochemical efficiency of PSIl (F./Fn) was calculated. A
Hansatech FMS2 Fluorescence Monitoring System (Hansatech Instruments Ltd.,
Norfolk, England) were used for these measurements.

Leaf relative water content (RWC) was measured on 5 cm long leaf segments taken
from the middle of the blade. After cutting, fresh weight (FW) was measured, then the
leaf segment was allowed to saturate with water in a closed chamber with the basal cut
end immersed in tap water for 24 hours, after which the saturated weight (SW) was
determined. Finally, leaves were dried to constant weight at 70 °C and their dry weight
(DW) was measured. Relative water content was calculated as ((FW-DW)/(SW-
DW))*100 (%).

Assessment of mycorrhizal colonization

At the end of the experiment (132-140 DAP) when roots were washed out from the
soil, a small subsample was taken from the roots of each plant to determine the degree
of AMF colonization. Samples were stored in 50% ethanol at 5 °C until examination.
Roots were cleaned in 10% KOH, and stained with aniline blue according to the
protocol of Grace and Stribley (1991). From each specimen 30 root segments (of 1-2 cm
length) were examined and mycorrhizal structures (hyphae, arbuscules, vesicles) were
determined in stained roots according to the method of Trouvelot et al. (1986). The
following variables were used to assess the magnitude of AM colonization: frequency
of root segments (approx. 1-2 cm) in the root system of a single plant where AMF was
found (F%), intensity of AMF colonization (estimated percentage of AMF in each root
segment, M%), percentage arbuscule occurrence of the AMF colonized root section
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(a%), percentage arbuscule occurrence in the whole root (A%), percentage vesicle
occurrence of the AMF colonized root section (v%), percentage vesicle occurrence of
the whole root (V%).

Statistical analyses

For each measure of plant performance, two-way ANOVA with water supply and
soil sterilization as fixed main effects were used. Means were compared by using the
Sidak post hoc test. Two sample t-tests — with Welch’s correction if sample variances
differed — were used for the comparison of mycorrhizal colonization of roots in well-
watered versus deficit irrigation treated field soil. The significance level was set to
p<0.05. For each test, the Graphpad Prism v.6.01 package (Graphpad Software, La
Jolla, CA) was used.

Results
Mycorrhizal colonization of roots

Soil sterilization was effective for each species as no mycorrhizal structures (hyphae,
arbuscules or vesicles) were observed in the roots of plants growing in sterilized soil
(data not shown). Plants reared in intact (non-sterilized) field soil were all colonized by
AMF with frequency of roots having AMF (F%) ranging between 47% and 91% (Table
1). Arbuscules were common in roots, while vesicles were extremely rare. Compared to
well-watered control, deficit watering had no influence on AMF colonization of roots
except for Chrysopogon where intensity of colonization (M%) and percentage arbuscule
occurrence in the whole root (A%) were more than twice as high under deficit watering
than in the control (Table 1).

Table 1. Measures of mycorrhizal colonization of roots grown in intact (non-sterilized) field
soil in deficit watering treatment (D) and in well-watered control (C). For each trait and
species, different letters in superscript indicate significant difference between deficit
watering treatment and control. a% — percentage arbuscule occurrence of the AMF
colonized root section; A%: — percentage arbuscule occurrence in the whole root; F% —
frequency of root segments with AMF colonization; M% — intensity of AMF colonization; v%
— percentage vesicle occurrence of the AMF colonized root section; V% — percentage vesicle
occurrence of the whole root.

Non-invasive species Invasive species
Danthonia Chrysopogon Calamagrostis Cynodon
Watering C D C D C D C D
F% 86.7% 76.7° 81.7* 91.3%* 75.8° 753* 60.0° 46.7°
M% 436° 37.1* 23.0*° 49.9° 254* 240* 12.3* 9.2°
a% 83.3" 85.8° 56.1° 705° 655 628 46.1* 56.0°
A% 37.4* 327*° 128 357° 192° 17.4° 7.4° 5.9%
V% 0.7 0.0 1.7° 6.3° 0.2 0.6 1.8° 0.2°
V% 0.3 0.0° 0.5° 3.1° 0.1% 0.1% 0.1° 0.0°

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 13(2): 551-567.
http://www.aloki.hu e ISSN 1589 1623 (Print) @ ISSN 1785 0037 (Online)
DOI: 10.15666/aeer/1302_551567
© 2015, ALOKI Kft., Budapest, Hungary



Endresz et al.: Arbuscular mycorrhiza ameliorates deficit watering for non-invasive grasses
- 557 -

Plant biomass and growth

Both deficit watering and soil sterilization treatment alone, as well as their
combination decreased biomass accumulation, but the two species groups and the
individual species did not respond uniformly to these (Tables 2 and 3). For non-invasive
species, the reduction of leaf, stem, shoot (leaf + stem) and total plant masses in
response to soil sterilization was similar (Danthonia) or even greater (Chrysopogon)
than in response to the imposed water shortage (between 30% and 77%, Figure 1). Root
weight declined with deficit watering for Danthonia, while for Chrysopogon it
decreased in response to soil sterilization. When water shortage was imposed on plants
growing in sterilized soil their biomass was reduced to 27-33% of that achieved under
deficit watering in original field soil (except for root and total plant weight of
Danthonia, Figure 1). The response of the invasive grasses was different. Plant biomass
and its components decreased in response to deficit irrigation alone, while soil
sterilization alone either did not change biomass compared to control (Calamagrostis)
or even increased it (root and plant weight for Cynodon, Figure 1). In the combined
treatment — when plants were subjected to deficit watering in sterilized soil — biomass
accumulation was not smaller (for root weight of Cynodon it was even greater) than that
achieved in response to deficit watering treatment in intact field soil (Figure 1).
Compared to control, relative growth rate (RGR) was reduced with water deficit, sterile
soil, and combined water deficit + sterile soil treatments at an increasing extent in this
order for the non-invasive Danthonia and Chrysopogon (Table 3). For the invasive
species, sterile soil alone did not decrease RGR, while the reduction brought about by
water shortage was not greater for plants grown in sterile than in intact soil (Table 3).
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Figure 1. Root, stem, leaf and total plant biomass values for plants subjected to water deficit
and/or soil sterilization treatments. Mean values + 1 SE.
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Table 2. Results of two-way ANOVA of plant biomass and growth data. Effects are deficit
watering (D), soil sterilization (S) and their interaction (DxS). Significant (p<0.05) effects
are in bold typeface. Abbreviations: RWR — root weight ratio, SWR — shoot weight ratio,
StWR — stem weight ratio, LWR — leaf weight ratio, LAR — leaf area ratio, RGR — relative
growth rate.

Non-invasive species Invasive species
Danthonia Chrysopogon  Calamagrostis Cynodon
Effect F p F p F p F p

Plant weight D 435 <0.0001 6.3 0.0248 17.4 0.0009 37.7 <0.0001
S 139 0.0022 30.0 <0.0001 3.0 0.1076 88 0.0103

DxS 0.8 03829 11 03069 13 02823 0.7 0.4156
Root weight D 40.2 <0.0001 83 0.0127 8.1 0.013 33.2 <0.0001
S <0.01 0.9932 184 0.0007 24 0.145 322 <0.0001

DxS 0.6 0.4420 0.2 0.6406 1.2 02893 34 0.0883

Stem weight D 0.04 08519 09 03533 256 0.0002 11.2 0.0048
S 348 <0.0001 344 <0.0001 56 00327 11 0.3148

DxS 7.7 0.0148 0.7 04177 001 09153 0.2 0.6359

Leaf weight D 239 0.0002 9.1 0.0092 526 <0.0001 215 0.0004
S 49.7 <0.0001 59.7 <0.0001 2.0 0.1756 5.9 0.0287

DxS 0.7 04048 36 00783 14 02593 13 0.2794

Shoot weight D 19.7 0.0006 3.7 0.0737 63.7 <0.0001 19.2 0.0006
S 47.7 <0.0001 47.8 <0.0001 4.2 0.061 27 01214

DxS 0.5 0.4969 18 01983 1.0 03449 06 0.4578

RWR D 3.1 0.0985 24 01467 6.0 0.0277 27 0.1217
S 514 <0.0001 43 0.0568 0.3 0.6158 63.5 <0.0001

DxS 5.4 0.0353 09 03671 1.2 0.2845 0.01 0.906

SWR D 3.1 0.0985 13 02778 6.1 0.0271 27 0.1203
S 514 <0.0001 12.6 0.0032 0.2 0.6411 63.1 <0.0001

DxS 5.4 0.0353 0.1 0.7387 1.3 0.2807 0.02 0.9006

StWR D 4.0 00649 17 02144 01 0.7469 22 0.1628
S 17.1 0.001 12.0 0.0038 0.3 0.5697 34.0 <0.0001

DxS 2.9 0.1095 0.04 0.8404 1.7 0.2152 0.01 0.9157

LWR D 2.1 0.1739 03 0.6257 21.8 0.0004 0.3 0.6094
S 70.2 <0.0001 5.7 0.0317 30 0.1034 183 0.0008

DxS 6.2 0.0260 09 03642 04 05354 01 0.7276

Leaf Area D 259 0.0002 13.2 0.0027 66.3 <0.0001 26.5 0.0001
S 53.8 <0.0001 88.1 <0.0001 14.7 0.0018 17.5 0.0009

DxS 1.2 0.2855 9.9 0.007 10.8 0.0055 3.0 0.1039

LAR D 0.6 04701 03 05927 325 <0.0001 0.1 0.7534
S 82.7 <0.0001 13.1 0.0028 7.4 0.0166 30.7 <0.0001

DxS 5.2 0.0395 43 0.0566 87 0.0104 03 0.587
RGR D 60.6 <0.0001 6.2 0.025 17.4 0.0009 37.7 <0.0001
S 1441 <0.0001 299 <0.0001 3.0 0.1076 8.8 0.0103

DxS 137 0.0024 11 03112 13 02824 0.7 0.4156

Treatment responses in biomass proportions were less conspicuous. When grown in
sterilized soil — irrespective of water supply — Danthonia and Cynodon displayed higher
RWR and lower StWR and LWR compared to that achieved in field soil (Table 3). For
Chrysopogon StWR was lower in sterile soil than under deficit watering in field soil.
Water shortage alone decreased RWR and increased StWR and LWR for Danthonia,
and decreased LWR for Calamagrostis (Table 3). Compared to control, the non-
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Table 3. Biomass allocation ratios and leaf area for plants subjected to water deficit and/or
soil sterilization treatments. Mean values + / SE. For each trait and species, means with the
same letter in superscript are not significantly different between the two watering treatments.
An asterisk indicates if the soil sterilization had significant effect for a given trait. A —
adequate, D — deficit, further abbreviations as in Table 2.

Non-invasive species Invasive species
Danthonia Chrysopogon Calamagrostis Cynodon
Watering A D A D A D A D

RWR (gg™)

Intact , 0.49° , 0.35 0.56° 0.53? 0.65* 0.67° , 043 , 0.38
Sterilized  0.65*  0.67" 0.75% 0.6" 0.62*  0.69° 0.67" 0.61*
SWR (g g%

Intact , 0.51° 0.65° , 0.44° 0.47° 0.35% 0.33° 0.57% 0.62°
Sterilized  0.35"  0.33" 0.25% 0.32% 0.38* 0.31° 0.344 0.39"
StWR (g g™)

Intact  0.11° 0.16" 0.20* , 0.25° 0.09° 0.10° 0.4% 0.44°
Sterilized  0.08* 0.08" 0.09% 0.13% 0.1*  0.08" 0.25% 0.28*
LWR (g g™

Intact , 0.4° , 048 024 023 026 023 , 018 , 0.18
Sterilized 027  025%  0.16*  0.19%  029% 0.24° 0.09% 0.11%
Leaf area (m?)

Intact . 0.032* . 0.019° _ 0.042° _ 0.023" . 0.059° 0.025" . 0.042*° 0.021°

* * * * * *

Sterilized ~ 0.014"  0.006® = 0.007*  0.006" 0.038* 0.024® = 0.024* 0.013"*
LAR (m?kg™)

Intact , 7.96° 9.27* , 6.91° 591° , 7.32° 542 6.73° 6.16°
Sterilized ~ 4.99" 4.33* 3.19" 4.9% 6.08" 5.48" 2.75" 2.9
RGR (g g™ day™)

Intact , 2.48° , 126" , 245 , 159° 526° 313" , 311* 1.62°
Sterilized  0.81* 0.378 0.86" 0.51% 4.12% 2.88" 4174 2.228

*
*

invasive Danthonia and Chrysopogon underwent more marked reduction in total plant
foliage area than the two invasive species (56-83% versus 36-43%) when grown in
sterile soil, and this was most marked when both soil sterilization and deficit irrigation
were applied (although for Chrysopogon soil sterilization alone was sufficient to elicit
the strongest response, Table 3). For the invasive Calamagrostis and Cynodon total leaf
area was similar in deficit watering treatments irrespective of soil microbial status
(intact or sterilized), while for the non-invasive Danthonia and Chrysopogon total leaf
area declined due to soil sterilization (Table 3). Soil sterilization resulted in lower LAR
for Danthonia and Cynodon, but only under adequate water supply for Calamagrostis
and Chrysopogon. For Calamagrostis, deficit irrigation in itself resulted in a LAR
decline similar to that achieved in sterilized soil (Table 3).

Photosynthetic activity and water status

Moderate treatment responses were observed in instantaneous photosynthetic activity
(Table 4). A decline of 17-26% in P, and of 43-44% in gs appeared for Danthonia under
deficit watering in both intact and sterilized soil, which resulted in a 33% improvement
of PWUE in intact soil (Table 5). Actual photochemical efficiency of PSII (®PSII) and
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Table 4. Results of two-way ANOVA of plant physiological data. Effects are deficit watering
(D), soil sterilization (S) and their interaction (DxS). Significant (p<0.05) effects are
indicated in bold typeface. Abbreviations: P, — net photosynthetic rate, g; — stomatal
conductance for water vapor, PWUE — instantaneous photosynthetic water use efficiency,
F./F, — maximum photochemical efficiency of PSII, F, /F,,’ — efficiency of PSII antennae,
@PSII - actual photochemical efficiency of PSII, gP — photochemical quenching, NPQ —
non-photochemical quenching, RWC — relative water content.

Non-invasive species Invasive species
Danthonia Chrysopogon  Calamagrostis Cynodon
Effect F p F p F p F p
Pn D 19.6  0.0006 0.3 0.5915 0.8 03844 0.1 0.7146

S 147 00018 09 03530 06 04688 79 0.0138

DxS 03 06040 0.02 0.8767 1.5 02437 0.01 0.9143

Os D 210 0.0004 003 08572 0.2 0.6408 0.3 0.6168
S 3.1 00993 0.06 0.8065 14 02554 05 0.4834

DxS 05 04814 24 01416 05 05148 11 0.3128

PWUE D 140 0.0022 03 0.6120 <0.01 0.9893 0.02 0.8950
S 05 05067 01 07264 08 03866 4.8 0.0466

DxS 0.6 04725 10 0333 04 0558 01 0.7992

Fu/Fm D 120 0.0038 <0.01 0.966 28 01183 1.7 0.2099
S 48 0.0468 3.2  0.0969 1.1 03208 0.2 0.6511

DxS 1.3 02832 09 03543 <0.01 0.9448 0.01 0.9097

F/Fn’ D 21 01714 03 05797 03 05918 3.0 0.1032
S 1.7  0.2096 1.1 03059 0.2 0.6998 <0.01 0.9626

DxS 0.2 0.6352 11.2 0.0048 15 02469 1.7 0.2154

oPSII D 05 05076 <0.01 09990 03 0.6072 0.2 0.6375
S 11.2 00048 0.6 04535 04 05169 28 0.1138

DxS 0.7 0415% 3.8 00722 0.2 0.6516 <0.01 0.9905

gP D 0.02 0.8959 0.01 09427 <0.01 0.9442 0.1 0.7132
S 9.7  0.0077 1.1 03207 06 04646 3.1 0.1026

DxS 1.2 02884 13 02716 0.7 04068 04 0.5264

NPQ D 01 07886 36 0.0775 001 009365 32 0.0967
S 03 06005 05 05039 02 0630 06 0.4369

DxS 02 07003 06 05116 01 07561 16 0.2291

RWC D 203.4 <0.0001 120.6 <0.0001 25 0.1332 09 0.3673
S 185 0.0007 43 0.0565 34 0.0872 3.5 0.0816

DxS 47 00476 23 01505 <0.01 09711 25 0.1373

photochemical quenching (qP) declined for Danthonia in the soil sterilization treatment,
while for Chrysopogon PSII antenna efficiency (F,’/Fn’) reduced in response to soil
sterilization or water deficit treatment alone. No treatment effect on leaf gas exchange
and photochemistry appeared for either of the two invasive species (Table 5). Water
shortage decreased leaf relative water content to a greater degree in sterilized than in
intact soil for Danthonia and Chrysopogon, while caused no significant change under
both watering treatments for Calamagrostis and Cynodon (Table 5).
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Table 5. Physiological traits for plants subjected to water deficit and/or soil sterilization
treatments. Mean values = / SE. For each trait and species, averages with the same letter in
superscript are not significantly different between the two watering treatments. An asterisk
indicates if the soil sterilization had significant effect for a given trait. A — adequate, D —
deficit, further abbreviations as in Table 4.

Non-invasive species Invasive species
Danthonia Chrysopogon  Calamagrostis Cynodon
Watering A D A D A D A D

P, (umol CO, m?s™)
Intact 155 12.8° 13.7* 145 71.4° 7.7 17.8°  18.2°

*
Sterilized  13.2% 9.8 11.3* 128 78* 574 128 137

gs (mol H,O0 m?s™?)

Intact  0.29°  0.16° 0.09° 0.05° 0.14° 0.14° 010° 0.07°
Sterilized 0.23* 0.13® 005* 0.08* 0.12* 0.10* 0.09 0.0

PWUE (mmol CO, mol™ H,0)

Intact  0.06° 0.08° 021* 030° 0.06* 006° 025 0.27°
Sterilized  0.06® 0.08* 029" 0.26* 0.07* 0.06* 015% 0.15"
Fu/Fm
Intact  0.85°  0.81* 083" 081° 082* 079" 079 0.81°
Sterilized 0.83* 076 0774 079* 080* 0.77% 079" 0.80"
F,/F.
Intact  0.56° 054  0.49° 043" 044* 046° 046° 047
*
Sterilized  0.54* 050* 043 047% 047 052% 044% 049"
oPSII

Intact  0.27°  0.24° 015 0.11° 0.3 0.4 020° 0.21°

*

Sterilized 0.18* 0.18* 013* 017 013* 0.13* 018 0.18"

gP
Intact 0.48° 0.43? 0.31° 0.27%  0.29* 0.31* 043 0.44°

*

Sterilized  0.32* 036" 031* 0.36* 027* 0.30% 040 037"

NPQ
Intact  2.22° 2.26° 3.36° 254° 3.00° 292° 3.06° 253
Sterilized  2.48% 230 293" 254* 304" 316 270 261"
RWC (%)
Intact  95.3° 82.1° 98.2° 919" 965* 942° 99.1° 99.2°
* *
Sterilized 93.0° 75.1® 97.8% 89.4® 938* 916" 99.0° 97.3"
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Discussion

Our results support the hypothesis that invasive species do not benefit from AMF
association in alleviation of the effects of water shortage, while non-invasive resident
species do. Under water deficit the non-invasive Danthonia and Chrysopogon
performed markedly better in almost all measures of growth (root, leaf, stem and total
plant biomass, and RGR, except for root and total plant biomass of Danthonia) when
grown in intact soil containing native AMF community than in sterilized field soil. In
contrast, the invasive Calamagrostis and Cynodon displayed no difference in growth
rate and biomass accumulation between intact and sterilized soil when subject to water
deficit (except for the increase in root mass of Cynodon in sterile soil). Furthermore,
when plants were grown well watered but deprived of AMF symbionts, both Danthonia
and Chrysopogon achieved weaker growth than in AMF containing soil at adequate
watering, while neither Calamagrostis nor Cynodon displayed any reduction (root
weight even increased for Cynodon). These results indicate that these two native grass
species are strongly dependent on their AMF symbionts, which help them to overcome
water deficit and reach greater biomass under non-limiting conditions. The two invasive
grasses, however, do not appear to benefit from the symbiosis to such a degree, pointing
to their less dependence on AMF association. This limited dependence of
Calamagrostis and Cynodon on AMF might contribute to their success in habitats with
frequent soil disturbance (Zolyomi and Fekete, 1994; Rebele and Lehmann, 2001). In
line with our results, the alien C. dactylon was the single warm-season perennial species
unresponsive in biomass accumulation to mycorrhizal colonization among numerous
prairie grasses and forbs showing positive response to AMF (Wilson and Hartnett,
1998). Similarly, C. epigejos showed poor mycorrhizal colonization on coal mine spoil
banks and moderate growth response to mycorrhizal infection in a pot experiment
(Rydlova and Vosatka, 2001). Our earlier field study (Endresz et al., 2013) also
suggested that the invasive Calamagrostis and Cynodon are not dependent on AMF
symbionts, while the non-invasive Chrysopogon is (Danthonia was not examined then).
In a semiarid steppe, Calamagrostis and Cynodon consistently displayed a lower degree
of AMF colonization than resident grasses, including Chrysopogon, and the native
bunchgrasses Festuca vaginata and Stipa borysthenica attained lower degree of AMF
infection in stands invaded by Calamagrostis or Cynodon than in intact community
(Endresz et al., 2013). Since in the same study we found Calamagrostis to have higher
degree of AMF infection in nutrient poor sand grassland than in humus rich loess
grassland, and others (Kovacs and Szigetvari, 2002; Lingfei et al., 2005) reported
intense AMF colonization for Cynodon, these two invasive species can be considered as
facultative mycorrhizal plants.

Vogelsang et al., (2004) and Vogelsang and Bever (2009) experimentally showed a
decreased dependence on AMF association for naturalized alien than for native species
mostly from the Asteraceae and Poaceae families in the southern Californian flora. In
another study, native and exotic species from a nutrient poor sage scrub ecosystem were
compared in a nitrogen addition experiment, and native species displayed weaker
growth on sterilized than on unsterilized soil, while for exotic species the presence or
absence of soil microbiota did not make any difference (Bozzolo and Lipson, 2013).
Weaker dependence of invasive species on beneficial soil microbes can be an inherent
trait of the plant or may be the result of fast evolution after introduction in the new
habitat. Seifert et al., (2009) showed a rapid evolution of reduced mycorrhizal
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dependence during invasion for the European perennial forb Hypericum perforatum in
North America.

In the experiment reported here, treatments elicited moderate changes in proportional
biomass allocation. Two species — Danthonia and Cynodon — showed clear
compensatory response in allocation to roots when grown without soil microbiota in
sterilized soil under both adequate and deficit water supply. This is in line with the
mycorrhizal dependent character of Danthonia, but is completely unexpected for
Cynodon evinced to be a non-dependent facultative mycorrhizal species. Leaf area ratio
declined in the absence of soil microbiota not only for the AMF dependent Danthonia
and Chrysopogon, but also for the non-dependent Calamagrostis and Cynodon. Further
research is needed to clarify these incongruities. Slight treatment effects appeared in
photosynthetic activity and for the two non-invasive species only, where water deficit,
soil sterilization or the combination of these were associated with reduced
photosynthetic performance. A possible explanation for the moderate changes can be
that responses in instantaneous plant performance (leaf gas exchange, chlorophyll
fluorescence) were slight, but cumulative measures (biomass accumulation, leaf area)
detect more sensitively subtle differences. In a similar experiment, Zhu et al. (2012)
observed higher chlorophyll content and improved photochemistry for mycorrhizal than
for non-mycorrhizal maize plants under water shortage.

For both invasive and non-invasive categories, the C3 and the C, species behaved
remarkably similarly in spite of their different physiology and field phenology. This
suggests that photosynthetic pathway type has minor role in influencing plant
dependence on AMF symbiosis, but our results obtained for two C3 and two C,4 species
only does not allow making generalizations. In a comparison involving a much greater
number of species, Hoeksema et al. (2010) found C, grasses to respond more positively
to mycorrhizal inoculation than C3 grasses did.

In conclusion, the reduction in plant growth and assimilation in response to deficit
watering was smaller on AMF containing soil than on sterilized soil for the resident
non-invasive Chrysopogon and Danthonia, while no such difference was detected for
the invasive Calamagrostis and Cynodon. The observed responses were more obvious
from cumulated measures of plant growth than from instantaneous photosynthetic
performance. Even when well-watered, resident species reached greater biomass with
their AMF symbionts than without them, while invasive species showed no difference.
These results emphasize the importance of soil AMF community in plant responses to
water shortage for natural, but less for invasive grass species. Nevertheless, the research
reported here has several inherent limitations that call for further studies. The findings
of the experiment conducted in a growth room should be validated under real field
conditions. The applied soil sterilization might have removed not only AMF, but other
members of the soil microbiota (e.g. bacteria, other fungi), which might have influenced
plant responses as well. Finally, the hypothesis should be tested on a much higher
number of species. As summers are expected to become warmer and drier with climate
change in this semiarid temperate region (Bartholy et al., 2007), biotic interactions with
beneficial soil microorganisms will be particularly needed for the resistance of natural
grasslands against the spread of invasive plants. Thus, any sort of anthropogenic
disturbance that has the potential of damaging the soil microbiota should be avoided in
these grasslands, and probably in other ecosystems as well.
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