
Scientific Reports | (2022) 12:20703 | https://doi.org/10.1038/s41598-022-24669-6 1  

 

 

 

 
 

 
 

 

 

 

OPEN Arbuscular mycorrhiza can be 
disadvantageous for weedy 
annuals in competition with paired 
perennial plants 
Veronika Řezáčová 1,2, Milan Řezáč1,2, Gail W. T. Wilson3 & Tereza Michalová1 

Arbuscular mycorrhizal (AM) fungi can support the establishment of mycotrophic plants in new 
environments. However, the role of mycorrhizal symbiosis in interactions between perennial and 
weedy annual plants is not well understood. In our current study, we examine how widespread 
generalist AM fungi and soil disturbance, including disturbance of AM fungal networks (CMNs), 
affect the performance of two late-successional perennial plants of Central Europe, Senecio jacobaea 
and Crepis biennis, co-occurring with weedy annual forbs, Conyza canadensis and Erigeron annuus. 
Although presence of weedy annual E. annuus or C. canadensis did not affect the performance of 
the paired perennials, AM fungi supported perennial C. biennis in competition with weedy annual E. 
annuus. However, this AM-aided underpinning was independent of disturbance of CMNs. Conversely, 
although AM fungi benefited perennial S. jacobaea, this did not affect its competitive abilities when 
grown with weedy annual C. canadensis. Similarly, soil disturbance, independent of AM fungal 
presence, improved plant tissue P and biomass production of S. jacobaea, but not its competitive 
abilities. Our results show AM fungi may be advantageous for perennial plants growing in competition 
with weedy annual plants. Therefore, maintaining healthy soils containing an abundance of AM fungi, 
may encourage late successional perennial plants, potentially limiting establishment of weedy annual 
plant species. 

 
 

The majority (> 60%) of land plants1,2, including most annual plant species3–5, form mycorrhizal interactions 
with arbuscular mycorrhizal (AM) fungi (Glomeromycotina;6). AM fungi supply host plants with nutrients 
(especially phosphorus (P)7) from the soil, aid in protecting against plant pathogens8,9, and potentially an array of 
other services in exchange for carbon from the host plant10,11. For example, the AM fungus Gigaspora margarita, 
increased P uptake of maize by 55%12. Further, under P-limiting soil conditions, AM fungi can be responsible 
for nearly all P uptake by the mycorrhizal host plant13,14. These strong benefits often result in AM fungi affecting 
coexistence of plant species, and therefore the composition of plant communities15–17. Therefore, these symbiotic 
fungi may enhance or prevent establishment of weedy annuals, or increase the competitive abilities, and thereby 
persistence, of perennial species. 

Both annual and perennial plant species generally form an association with AM fungi for competitive 
success1–5. Likewise, AM fungal symbionts may be essential for naturalization and spreading of weedy annual 
plants, yet this has rarely been studied (although see18–20). Weedy plant species are generally annuals representing 
the R strategy, and are typically facultative mycorrhizal21,22. Facultative mycorrhizal plants form weak associations 
with AM fungi, can complete their life cycle in the absence of the symbiosis, and are generally characterized by 
low levels of AM fungal root colonization21,22,24. The annual life history strategy and facultative AM association 
can be potentially beneficial in disturbed habitats where intact AM fungal communities and competition for 
resources are low. Perennials, in contrast, develop long-term life history strategies for competition for limited 
resources, as they survive for extended periods of time. Short-term strategies of annuals may be disadvanta- 
geous in established plant communities where hyphal networks connect individual perennial plants and transfer 
nutrients, mainly N and P, between plants (i.e., common mycorrhizal networks: CMNs23). Commandeering these 
networks can increase competitiveness of some plants, allowing disproportionately greater benefits compared 
to symbiotic carbon costs. 
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Life-history strategies are generally indicative of AM benefit, with late-successional perennial plants, estab- 
lished in undisturbed stable systems, receiving greater benefit than early successional species that colonize 

disturbed or unstable sites. In fact, AM fungal inoculation has been shown to increase competitive ability of 
perennials when in competition with annuals24. However, the role of mycorrhizal symbiosis in interactions 
between perennial and weedy annual plants following disturbance is not well understood, and information 

detailing the influence of AM fungi in the competitive success of these different life history strategies is not clear. 
However, at ecosystem level, it has been shown that AM fungi are often susceptible to perturbations, such 

as soil disturbance25–27, as these disturbances disrupt CMNs28. The subsequent recovery of CMNs is costly for 
both fungi and host plants, and thus may delay potential mycorrhizal advantages provided to the host plant. 
For example, disrupted CMNs may delay or limit the competitive advantage of a perennial plant, promoting at 
least a temporary advantage to a weedy annual plant, as the facultatively mycotrophic annual is not required to 
receive benefits from AM fungi. Alternatively, the perennial plant, dependent on the symbiosis, may lose the 
competitive advantage, at least until CMNs are re-established. However, the effects of CMNs disturbance on 
competition between plants with different life history strategies, such as perennial and annual species, in not 
known. Understanding the role of disturbed CMNs in providing advantages to weedy annuals may be critical to 
restoration or rehabilitation of disturbed lands. 

In our current study, we focused on competition of two important weedy annual plant species paired with 
co-occurring perennial forbs. Our study was conducted using widespread generalist AM fungi to reduce the pos- 
sibilities of host species advantage. We selected two perennial plant species, Senecio jacobaea and Crepis biennis 
(mycotrophic and native to Central Europe), and two weedy annuals, Conyza canadensis and Erigeron annuus 
(facultatively mycotrophic and invasive species in Central Europe), to assess if CMNs and an initial disturbance 
affect their performance. 

We hypothesized that (i) CMNs increases the success of a perennial plant in competition with a weedy annual 
plant; and (ii) the competitive disadvantage of the weedy annual plant against the perennial is more pronounced 
in soil with intact (non-disturbed) CMNs, as compared to initially disturbed CMNs and; (iii) the observed nega- 
tive effect increases with time. 

Results 
Competition for resources between annual and perennial plants. Relative C. biennis biomass and 
P content were significantly correlated (P ≤ 0.05) and were both greater in M+than in M– plants (Fig. 1) inde- 
pendent of disturbance (Table 1). However, in the case of S. jacobaea, mycorrhizal inoculation and disturbance 
had no effect on relative biomass production or relative P acquisition (Table 1, Fig. 1). The results of harvest 1 
(not shown) were not different from those of harvest 2. 

 
Effects of weedy annuals on plant biomass and mineral nutrition of perennial plants. The bio- 
mass and plant P content of both perennials, C. biennis and S. jacobaea, were increased by mycorrhizal inocula- 
tion (Table 2, Fig. 2), and P content was positively correlated with biomass (P ≤ 0.05). Disturbance significantly 
increased P content (non-disturbed pots 0.85 ± 0.17 mg, disturbed pots 1.35 ± 0.24 mg) and biomass (non-dis- 
turbed pots 0.30 ± 0.05 g, disturbed pots 0.48 ± 0.08 g) of S. jacobaea but had no effect on these parameters for C. 
biennis (Table 2). Plants grown in monocrop or multicrop did not affect plant biomass or P content of either S. 
jacobaea or C. biennis (Table 2). The results of harvest 1 (not shown) were not different from those of harvest 2. 

 
AM fungal development. No roots of M−plants contained AM fungal structures, while AM fungi were 
present in roots of all M+plants (see Table S4). Although microscopic assessment of  AM fungal abundance in 
roots was performed only in M−plants, a control sample of M+plants intended for determination of AM fungal 
colonization determined plant roots were highly colonized by AM fungi (Table S3).  

Plant growth in monocrop or multicrop did not significantly affect the abundance of any AM fungal taxa in 
roots of S. jacobaea or C. biennis (Table 3). Disturbance tended to decrease the abundances of R. irregularis and 
F. mosseae (C. claroideum was not present in roots of any plant of harvest 2) in the roots of C. biennis (Table 3, 
Fig. 3). However, disturbance had no effect on AM fungal abundances in roots of S. jacobaea (Table 3). 

The abundances of individual AM fungal taxa were not significantly different between roots of weedy annual 
plant C. canadensis or its paired perennial plant S. jacobaea (Table 4, Fig. 4). The abundances of R. irregularis did 
not differ between weedy annual plant E. annuus roots and paired perennial C. biennis. However, E. annuus was 
colonized by lower abundances of F. mosseae, compared to paired C. biennis (Table 4, Fig. 4). Whereas disturbance 
equally increased the abundance of F. mosseae of both species, E. annuus and C. biennis,grown in competition 
(non-disturbed pots 30 ± 6 × 105 CN mg−1 roots, disturbed pots 45 ± 6 × 105 CN mg−1 roots) (Table 4). The results 
of harvest 1 (not shown) were not different from those of harvest 2. 

Discussion 
We observed positive effects of mycorrhiza on the biomass and P acquisition of both perennial plants assessed in 
our study, and this was demonstrated positively or neutrally when perennial plants were grown in competition 
with the respective weedy annual. This agrees with our hypothesis that perennial plants will be more supported 
by mycorrhiza, and therefore have greater success in competition with the facultatively mycotrophic weedy 
annual plants and partially agrees with a review by Lin et al.24. However, our findings are not similar to Calla- 
way et al.19 or Řezáčová et al.29, as these reported AM fungi supported weedy annuals (Centaurea melitensis or 
E. sphaerocephalus, respectively), when grown in competition with a perennial plant. Our current study agrees 
with Callaway et al.30, in that the influence of AM symbiosis on competitive abilities of weedy or invasive plants 
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Figure 1. Fraction of shoot dry biomass and phosphorus content of perennial plants (gray bars) paired 
with weedy annual plants (white bars) as follows: Conyza canadensis-Senecio jacobaea (Senecio:Conyza) and 
Erigeron annuus–Crepis biennis (Crepis:Erigeron), determined by plant biomass at each cultivation (i.e., the 
share of resources acquired by the perennial plant on a whole cultivation basis, with the remainder assignable 
to the weedy annual plant) as affected by mycorrhizal inoculation (M+: mycorrhizal inoculum added; M−: 
nonmycorrhizal control). Bars represent means accompanied by standard errors (n = 10). 

 

 

are context-dependent and should not be generalized, highlighting the importance of assessing influences of 
AM fungi on specific plant species. 

Although AM fungal inoculation played a positive role on perennial plant performance in the competition 
between perennial plant C. biennis and weedy annual plant E. annuus, the influence of the inoculation was 
nevertheless independent of the initial disturbance. Thus, it was not possible to confirm the role of intact CMNs 
unevenly redistributing nutrients in the competition of these plants with differing life-history strategies. 

 

 S. jacoabea C. biennis 

Biomass Phosphorus Biomass Phosphorus 

Inoculation 
P 0.39 0.41 3.72 × 10–3

 5.90 × 10–4
 

F1.16 0.8 0.7 11.8 18.8 

Disturbance 
P 0.60 0.47 0.45 0.38 

F1.16 0.3 0.5 0.6 0.8 

Inoculation × disturbance 
P 0.53 0.64 0.99 0.98 

F1.16 0.4 0.2 0.0 0.0 

Table 1. Significance of effects of mycorrhizal inoculation and disturbance, and their interaction on perennial 
plants Senecio jacobaea and Crepis biennis contribution to total shoot dry biomass and total shoot phosphorus 
contents. F‐values (F) and levels of statistical significance (p-value ranges, P) as per two-way ANOVAs are 
shown (n = 5). Significant results are stated in bold. 

 

 
 

The role of AM fungi in competition between perennial plant S. jacobaea and weedy annual 
plant C. canadensis. C. canadensis is an important weedy annual, expanding throughout introduced, as 
well as native, areas. The rapid global expansion of C. canadensis has been attributed to a combination of factors. 
For example, effective reproduction and effective utilization of newly created habitats are likely mechanisms 
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 S. jacoabea C. biennis 

Biomass Phosphorus Biomass Phosphorus 

Inoculation 
P 5.21 × 10–4

 4.29 × 10–6
 2.13 × 10–13

 3.04 × 10–14
 

F1.32 15.0 30.9 144.3 167.0 

Plant community composition 
P 0.83 0.51 0.13 0.41 

F1.32 0.0 0.4 2.4 0.7 

Disturbance 
P 4.18 × 10–2

 4.84 × 10–2
 0.60 0.99 

F1.32 4.5 4.2 0.3 0.0 

Inoculation × plant community composition 
P 0.33 0.62 0.62 0.86 

F1.32 1.0 0.3 0.3 .0 

Inoculation × disturbance 
P 0.98 0.63 0.99 0.91 

F1.32 0.0 0.2 0.0 0.0 

Plant community composition × disturbance 
P 0.98 0.98 0.72 0.64 

F1.32 0.0 0.0 0.1 0.2 

Inoculation × disturbance × plant community composition 
P 0.87 0.86 0.64 0.93 

F1.32 0.0 0.0 0.2 0.0 
 

Table 2. Significance of effects of mycorrhizal inoculation, plant community composition (monocrop or 
multicrop) and disturbance, and their interaction on shoot dry biomass and shoot phosphorus content of 
perennial plants Senecio jacobaea and Crepis biennis. F‐values (F) and levels of statistical significance (p-value 
ranges, P) as per three-way ANOVAs are shown (n = 5). Significant results are stated in bold. 

 

 

 
promoting C. canadensis expansion (e.g.,31). Despite having an annual life strategy, association with AM fungi 
has also been hypothesized as a mechanism for successful expansion of C. canadensis32–34. In agreement with 
other research35–38, C. canadensis formed associations with AM fungi in our current study. However, the lack of 
any negative effect of C. canadensis presence on performance of S. jacobaea in our study does not support the 
possibility that AM fungi could contribute to C. canadensis spread; the coexistence of these two plants was inde- 
pendent of AM symbiosis in our experiment. While AM symbiosis was beneficial for P-uptake and biomass pro- 
duction of S. jacobaea, the symbiosis did not increase the plant performance of S. jacobaea when grown with C. 
canadensis, presumably because AM fungi were beneficial for both plant species in our study. A previous study, 
contrary to our results, reported negative responses of perennial Anthemis cotula on neighbouring C. canadensis 
were mediated by AM fungi36. Therefore, it should be cautioned that mycorrhizal effects between neighboring 
plants of different species is likely context-dependent, as our findings showed no influence from mycorrhiza in 
the competition of C. canadensis with the perennial plant S. jacobaea. 

 
The role of AM fungi in competition between weedy annual plant E. annuus and perennial 
plant C. biennis. Erigeron annuus is another example of a weedy annual plant successfully increasing in 
abundance throughout Europe. The expansion of E. annuus has been credited to increased seed survival, rapid 
seedling and rosette development, and/or allelopathic activity39. Because E. annuus readily forms mycorrhi- 
zal symbiosis40–42, mechanisms allowing successful expansion of E. annuus could also include AM symbiosis. 
However, based on our results, we cannot confirm AM fungi as a mechanism used by this annual plant when 
in competition with the perennial C. biennis. This is partly supported by Rinauldo et al.43 and Veiga et al.44 who 
found weeds grown in community to be negatively influenced by AM fungi. In fact, in our current study, AM 
fungi increased the relative biomass and P content of perennial C. biennis when paired with E. annuus. As we 
hypothesized, the greater mycorrhizal responsiveness of perennial plants compared to annual plants45 play a role 
in the higher responsiveness of perennial C. biennis on AM fungal inoculation, compared to annual E. annuus. 
Based on our results, we suggest the more responsive perennial C. biennis is more competitive in soils with a 
natural occurrence of AM fungi, when paired with E. annuus. 

The mycorrhizal benefit of perennial C. biennis was nevertheless independent of the initial soil disturbance 
even though the disturbance decreased the abundance of AM fungi in their roots. Therefore, although C. bien- 
nis and E. annuus were associated with similar AM fungal taxa with the potential for resource sharing through 
intact CMNs in non-disturbed soil, this was not likely a major mechanism driving the positive effects of AM 
fungi or promoting greater competitive performance of C. biennis over the annual E. annuus. Alternatively, it is 
likely the disturbed CMNs recovered rapidly following disturbance. Rapid recovery of CMNs after disturbance 
would lead to similar results between disturbed and intact CMNs. 

 
The effect of a single soil disturbance on competition of perennial and weedy annual 
plants. Both plant tissue P content and biomass production of perennial S. jacobaea increased following 
disturbance. However, the relative performance of S. jacobaea, when grown with co-occurring weedy annual 
plant C. canadensis, was not affected by disturbance, as the performance of C. canadensis increased to the same 
extent as S. jacobaea. Soil disturbance likely increased soil aeration and microbial activity, temporarily increasing 
P-availability and subsequent P supply to both co-occurring plants46. Furthermore, mycorrhizal plants did not 
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Figure 2. Shoot biomass and phosphorus content of perennial plant species Senecio jacobaea and Crepis biennis 
either paired with C. canadensis and E. annuus, respectively, or not, as affected by mycorrhizal inoculation (M+: 
mycorrhizal inoculum added; M−: nonmycorrhizal control). Bars represent means accompanied by standard 
errors (n = 20). 

 

 
 

 S. jacoabea C. biennis 

F. mosseae R. irregularis F. mosseae R. irregularis 

Plant community composition 
P 0.13 0.76 0.13 0.24 

F1.16 2.5 0.1 2.6 1.5 

Disturbance 
P 0.23 0.14 0.04 0.01 

F1.16 3.1 7.1 0.8 3.3 

Disturbance × plant community composition 
P 0.94 0.07 0.11 0.06 

F1.16 0.0 3.8 2.9 4.0 

Table 3. Significance of effects of plant community composition (monocrop or multicrop) and disturbance, 
and their interaction on the abundance of different arbuscular mycorrhizal fungal taxa in root samples of the 
perennial plant species Senecio jacobaea and Crepis biennis. F‐values (F) and levels of statistical significance 
(p-value ranges, P) as per two-way ANOVAs are shown (n = 5). Significant results are stated in bold. 

 

 

differ from nonmycorrhizal plants, in either undisturbed or disturbed soils, indicating host plant reliance on AM 
fungi for P-uptake was apparently not substantial under these conditions. 

Although increases in nutrient availability as a result soil disturbance has been previously reported46,47, in our 
study initial soil disturbance did not affect performance of nonmycorrhizal C. biennis; increased P availability 
caused by the disturbance was not reflected as increased P uptake by the plant. Because P availability for both 
AM inoculated plants and non-inoculated plants in both disturbed and undisturbed treatments was constant, 
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Figure 3. Abundance of arbuscular mycorrhizal fungal taxa in roots of the perennial plant species Crepis 
biennis either paired or not with weedy annual, Erigeron annuus, respectively, as affected by soil disturbance. 
Bars represent means accompanied by standard errors (n = 10). 

 

 
 C. canadensis–S. jacoabea E. annuus–C. Biennis 

F. mosseae R. irregularis F. mosseae R. irregularis 

Plant species 
P 0.16 0.43 3.80 × 10–3

 0.24 

F1.16 2.2 0.6 11.4 1.5 

Disturbance 
P 0.20 0.09 4.66 × 10–2

 0.23 

F1.16 1.8 3.4 4.7 1.5 

Disturbance × plant species 
P 0.97 0.90 0.54 0.46 

F1.16 0.0 0.0 0.4 0.6 

Table 4. Significance of effects of plant and disturbance, and their interaction on the abundance of different 
arbuscular mycorrhizal fungal taxa in root samples of the perennial and annual plant species co-occurring 
in the experimental pots. F‐values (F) and levels of statistical significance (p-value ranges, P) as per two-way 
ANOVAs are shown (n = 5). Significant results are stated in bold. 

 

 

increased P supply would be beneficial for all plants if P-availability was limited, and any increase in P uptake 
would not be considered luxurious. In fact, in our study, P did not appear to be limiting, as presence of weedy 
annual plant E. annuus did not affect the P content in C. biennis shoots. However, although the overall system 
was not P limiting, P could be limiting for individual plants when in competition with a neighboring plant more 
efficient at P-uptake, which likely occurred when perennial C. biennis acquired less P compared to corresponding 
perennial S. jacobaea when grown under the same conditions. Reduced P-uptake by C. biennis may be because 
another factor that we did not measure was more limiting for this species. 

Disturbance did not influence the performance of perennial C. biennis or the co-occurring weedy annual 
plant E. annuus. Contrary to our hypothesis, based on the ruderal nature of weedy annual plants, the single soil 
disturbance did not play a role in the performance of weedy annual plant E. annuus when grown in competition 
with perennial plant C. biennis, or C. canadensis when grown in competition with perennial S. jacobaea. In a 

previous study, a single soil disturbance did not influence performance of Inula conyzae, a native plant species 
when grown in competition with Echinops sphaerocephalus, a non-native invasive plant species common in 
Eastern Europe29, and the authors propose the lack of response to disturbance was likely due to a rapid recovery 
of CMNs following disturbance. We propose a similar rapid recovery of the CMNs occurred in our current study, 
and therefore, plants with intact CMNs were not at an advantage over plants with initially disturbed mycelium. 
In our study, P was not limiting, and a single soil disturbance did not affect AM fungi or alter AM benefits 

for either the perennial or the weedy annual plants. This indicates CMNs following a single soil disturbance 
will likely recover quickly and, therefore, not support the performance and subsequent expansion of weedy 

plants species as we initially hypothesized. However, we caution that mycorrhizal fungi may be considerably 
more important under other soil disturbances, especially long-term disturbances such as drought, salinity, soil 

compaction, or nutritional stress48,49. 
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Figure 4. Abundance of arbuscular mycorrhizal fungal taxa in roots of the perennial plant species, Senecio 
jacobaea and Crepis biennis, and paired weedy annual plants, Conyza canadensis and Erigeron annuus, 
respectively, co-occurring in the experimental pots as affected by plant species. Bars represent means 
accompanied by standard errors (n = 10). 

 

 

Conclusions 
Our data partly support the hypothesis that AM fungi enhances the competitive abilities of the perennial plants, S. 
jacobea and C. biennis, against weedy annual plants, C. canadensis and E. annuus. Specifically, AM fungi benefited 
perennial C. biennis when grown with the weedy E. annus, but did not benefit the performance of perennial S. 
jacobea when paired with the weedy annual plant C. canadiensis, although AM fungi did increase the perfor- 
mance of both these species. Based on our results, it is not possible to attribute effects of AM fungi to the uneven 
distribution of nutrients by intact CMNs, as soil disturbance did not influence performance of either of the two 
weedy annuals when grown with corresponding perennials, although the success of many weedy annual plant 
species is facilitated by habitat disturbance50. In fact, the single soil disturbance of our study supported biomass 
production and P acquisition of perennial S. jacobaea, independent of the paired plant species. 

Although our controlled greenhouse experiment was limited to pair-wise interactions among plant species, 
this is a critical first step in determining complex interactions that occur among perennial and weedy annual 
plant species following a single soil disturbance. Although our study assessed only two pairs of plant species, the 
data indicate it is critical to maintain the natural occurrence of AM fungal communities to prevent the spread 
of weedy, including non-native invasive, plant species, and reducing soil disturbance through sustainable and 
low-impact management may reduce the expansion of invasive plant species. However, while our study provides 
important baseline information, to support the practical and ecological relevance of our findings further research, 
especially studies conducted under field conditions, should be encouraged. 

Materials and methods 
Experimental design.  We conducted a greenhouse experiment to study pairwise interactions between myc- 
orrhizal weedy annual and perennial plants (weedy annual—perennial: Conyza canadensis—Senecio jacobaea; 
Erigeron annuus—Crepis biennis). Erigeron annuus (L.) Pers. and Conyza canadensis (L.) Cronq., are common 
annual weedy plant species of seminatural plant communities in Central Europe (Czechia). The correspond- 
ing perennial species, Crepis biennis L.; and Senecio jacobaea L., are from the same plant family (Asteraceae) 
as the weedy annual plant species and occur abundantly in E. annuus or C. canadensis inhabited plant com- 
munities. We imposed two mycorrhizal treatments: inoculated with mycorrhiza (M+) or not (M-), combined 
with a disturbance treatment: soil initially mechanically disturbed or not (leading to intact or disturbed CMNs 
in M+ pots). Biomass production of perennial plants in the presence of weedy annual plants were assessed for 
perennial plants in monocrops (perennial paired with perennial) or multicrops (perennial paired with weedy 
annual). Competition between the perennial and weedy annual plant was evaluated at two experimental harvest 
times [64 days (harvest 1) or 91 days (harvest 2)] after plant transplantation. For the experimental design see 
Fig. 5. Each treatment combination contained five replicate pots with a total of 160 pots set up at the beginning 
of the experiment (see Fig. 5). The positions of the pots in the greenhouse were randomized. 

 
Cultivation pots and substrate.  Similar to Řezáčová et al.29, plants were grown in 2-L pots (11 × 11 × 20 cm, 
w × d × h) filled with a substrate comprised of 10:45:45 mixture of 10% γ-irradiated (> 25 kGy) Central European 
field soil from Litoměřice, Czechia (N50°31′54.53′′ E14°06′7.10′′), 45% autoclaved zeolite MPZ 1–25 from Zeo- 
pol (https://www.zeolity.cz, grain size 1–2.5 mm), and 45% autoclaved quartz sand (grain size < 3 mm). Physico- 
chemical properties of the substrate are detailed in Řezáčová et al.51 or Table S1. 

 
Mycorrhizal inoculation. Mycorrhizal pots (M+) were inoculated with 36 g of AM fungal inoculum con- 
sisting of potting substrate containing root fragments of leek (Allium porrum L.), used as the host plant to 
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Figure 5. Procedural flow diagram showing individual steps of the experiment at the time frame and 
integrating experimental design. This design was used for both weedy annual-perennial plant species 
combinations, and both harvests. Mycorrhizal (M+) and nonmycorrhizal (M−) pots were pre-planted with 
Festuca pratensis as a nurse plant. Soil was disturbed or remained intact prior to annual and perennial plants 
being planted, resulting in disturbed or non-disturbed common mycorrhizal networks (CMNs) in the 
M+ treatments. Each figured pot contained 5 replicates (for each harvest and each perennial-weedy-annual plant 
combination). Figure modified from Řezáčová et al.43. 

 

develop pot cultures of AM fungal isolates, all widespread generalists of Central European origin. Inoculum 
in our current study contained the following AM fugal taxa: Claroideoglomus claroideum (N. C. Schenck& G. 
S. Sm.) C. Walker & Schuessler (2010) BEG 155, Funneliformis mosseae (T.H. Nicolson & Gerd.) C. Walker & 
Schuessler (2010) BEG 161 and Rhizophagus irregularis (N.C. Schenck & G.S. Sm.) C. Walker & Schuessler 
(2010) BEG 158 (https://www.i-beg.eu). These monospecific inocula were mixed as a volume ratio 1:1:1 (v:v:v) 
to create a synthetic community of widespread generalist AM fungi, resulting in 492 spores of. C. claroideum, 
588 spores of F. mosseae and 612 spores of R. irregularis added to each pot. Nonmycorrhizal (M–) pots received 
36 g non-mycorrhizal (mock) inoculum, which was added 4–5 cm below soil surface of each pot. The mock 
inoculum contained substrate and leek root fragments from cultures grown under the same conditions, for the 
same amount of time, as the M+pot cultures (above), but without AM fungi, as assessed microscopically.  

To promote the growth of CMNs in the M+ plots, we used Festuca pratensis Huds. as a nurse plant, which 
was also used in the M− pots to control for nutrient depletion (Fig. 5). Seeds of F. pratensis were directly sown 
into each pot in the middle of January. After 48 days, substrate (and CMNs in M+pots) in half of both M+and 
M− pots were mechanically disrupted as follows: a long metallic spatula was inserted to the full depth of the pot, 
and wide circular movements progressing from one corner of the pot to the other, disturbing the entire volume 
of the pot (Fig. 5). Microscopic assessment of soil samples (according to Newman52) of 6 M+determined hyphal 
length densities and these densities were similar to a previous experiment53. 

 
Plant cultivation and preparation. The seeds of all the experimental plants were field collected in the 
Czech Republic. Our study complies with relevant institutional, national, and international guidelines and leg- 
islation on handling plant material. 

Seeds were germinated for two weeks at room temperature on wet filter paper contained in Petri dishes. One 
of the empty corners of the pot was planted with one perennial species, whereas the opposite corner was planted 
with perennial or weedy annual plant species (see Fig. 5). Note that sowing was conducted immediately after 
soil disturbance simulations. Plants in M+treatments were planted into non-disturbed soil with intact CMNs, 
or into initially disturbed soil where CMNs needed to reestablish from spores and hyphal fragments. Thirty-six 
days following the initial disturbance, shoots of all nurse plants were harvested, dried, and weighed. Nurse plants 
did not re-grow after harvest and there were no significant differences between nurse plant biomass grown in 
multicrop or monocrop pots. 

Annual and perennial plants were grown for an additional 28 days (harvest 1) or 55 days (harvest 2) 
(March–May) 2018 in a greenhouse at the Institute of Microbiology, Prague with average day and night 
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temperatures of 24 °C and 20 °C, respectively. Day length was extended to 12 h using supplemental lighting. 
Temperature and daylength were selected to represent typical field conditions of Central Europe (March–May). 
Following nurse plant planting, each pot received 65 ml of Long Ashton mineral nutrient solution every week54 

with the P concentration reduced to 20% of the original recipe45,55, to avoid constraint of AM fungal or plant 
growth due to P limitation. 

 
Plant harvest and analyses. The experiment was harvested twice to assess M+annual and perennial plant 
production following initial disturbance. A harvest, plant shoots were cut at the hypocotyl–root interface and 
subsequently dried for 3 days at 65 °C to determine shoot dry weight. Substrate was thoroughly washed from 
roots, roots were weighed and cut into 1.5 cm fragments, and fragments were divided into three portions. One 
portion of the root fragments was immersed in 50% ethanol to determine AM root colonization. The second 
was stored in a freezer at −20 °C for molecular analyzes. The final portion was weighed, dried and reweighed, to 
determine root water content and root dry biomass. 

Plant dry weight and tissue P content were assessed to evaluate benefits provided by AM fungi to each plant. 
P concentration in aboveground plant tissues was assessed as described in Řezáčová et al. 56. Orthophosphate 
concentration of the extracts was measured using the malachite green method57. Shoot P content (hereafter 
referred as plant P content) was calculated from shoot nutrient concentration using total shoot dry biomass.  

The composition of AM fungal communities in the roots was assessed using quantitative real-time PCR 
(qPCR) markers (mt5, moss, and clar) targeting sequence-specific motifs of Rhizophagus, Funneliformis, and 
Claroideoglomus, respectively, in the mitochondrial (Rhizophagus) or nuclear (Funneliformis and Claroideoglo- 
mus) large ribosomal subunit RNA genes as described previously58. 

Presence of AM fungal root structures was assessed microscopically in all M– pots, using one composite root 
sample for each M– pot (following McGonigle et al.59) after staining the roots with trypan blue (60; with minor 
modifications as in Řezáčová et al.51). 

 
Statistical analyses. Analyses of variance (ANOVA) with P < 0.05 as the significance cutoff level were 
calculated in R 4.2.0 statistical environment (R Core Team, 2022, http://www.R-project.org/61) after data was 
assessed for conformity with ANOVA assumptions (i.e., normality and homogeneity of variances). The analyses 
were conducted independently for harvest 1 and 2. Data are presented as mean values and standard errors for 
each treatment combination. 

To assess if AM fungal inoculation and soil disturbance altered the plant performance of perennial or co- 
occurring paired weedy annual plants, we conducted two-way ANOVAs with the following factors: mycorrhizal 
inoculation and soil disturbance on perennial plant share in multicrops. Measures of P and biomass estimate 
the perennial plant share as the fraction of total plant biomass or plant P content that is the contributed to the 
perennial plant in each multicrop29,57. 

To assess if plant growth in monocrop or multicrop, and disturbance, affect mycorrhizal shoot P content and 
biomass of the perennial plants, we used three-way ANOVAs with the following factors: mycorrhizal inoculation, 
soil disturbance and plant community composition (monocrop or multicrop). Plant community composition 
(monocrop or multicrop) was assessed to determine biomass and plant P content of each perennial plant species 
growing in monocrops or growing with the respective paired weedy annual plant. 

To assess if the weedy annual plants and soil disturbance affect AM fungal abundances in the paired perennial 
plants, we performed two-way ANOVAs with the following factors: plant community composition (monocrop 
or multicrop) and soil disturbance on AM fungal taxon abundances of the perennial plant species growing in 
monocrops and multicrops. Additionally, to assess if the AM fungal taxon abundances differed between co - 
occurring perennial and weedy annual plants, and if this was affected by disturbance, we conducted two-way 
ANOVAs with the factors: plant species and soil disturbance on abundance of AM fungal taxa of each perennial 
plant species and paired weedy annual plants grown in multicrops. 

 
Received: 3 December 2021; Accepted: 18 November 2022 

 

References 
1. Smith, S. E. & Read, D. J. Mycorrhizal Symbiosis 3rd edn. (Academic Press, 2008). 
2. van der Heijden, M. G. A., Martin, F. M., Selosse, M. A. & Sanders, I. R. Mycorrhizal ecology and evolution: The past, the present, 

and the future. New Phytol. 205, 1406–1423 (2015). 
3. Štajerová, K., Šmilauerová, M. & Šmilauer, P. Arbuscular mycorrhizal symbiosis of herbaceous invasive neophytes in the Czech 

Republic. Preslia 81, 341–355 (2009). 
4. Hempel, S. et al. Mycorrhizas in the Central European flora: Relationships with plant life history traits and ecology. Ecology 94, 

1389–1399 (2013). 
5. Soudzilovskaia, N. A. et al. FungalRoot: Global online database of plant mycorrhizal associations. New Phytol. 227, 955–966 (2020). 
6. Spatafora, J. W. et al. A phylum-level phylogenetic classification of zygomycete fungi based on genome-scale data. Mycologia 108, 

1028–1046 (2016). 
7. Lekberg, Y., Hammer, E. C. & Olsson, P. A. Plants as resource islands and storage units—Adopting the mycocentric view of arbus- 

cular mycorrhizal networks. FEMS Microbiol. Ecol. 74, 336–345 (2010). 
8. Newsham, K. K., Fitter, A. H. & Watkinson, A. R. Arbuscular mycorrhiza protect an annual grass from root pathogenic fungi in 

the field. J. Ecol. 83, 991–1000 (1995). 
9. Vigo, C., Norman, J. R. & Hooker, J. E. Biocontrol of the pathogen Phytophthora parasitica by arbuscular mycorrhizal fungi is a 

consequence of effects on infection loci. Plant Pathol. 49, 509–514 (2000). 
10. Pfeffer, P. E., Douds, D. D., Becard, G. & Shachar-Hill, Y. Carbon uptake and the metabolism and transport of lipids in an arbuscular 

mycorrhiza. Plant Physiol. 120, 587–598 (1999). 

http://www.nature.com/scientificreports/
http://www.r-project.org/
http://www.r-project.org/


www.nature.com/scientificreports/ 

Scientific Reports | (2022) 12:20703 | https://doi.org/10.1038/s41598-022-24669-6 10 

 

 

 

11. Bago, B., Pfeffer, P. E. & Shachar-Hill, Y. Carbon metabolism and transport in arbuscular mycorrhizas. Plant Physiol. 124, 949–958 
(2000). 

12. Ramirez, R., Mendoza, B. & Lizaso, J. I. Mycorrhiza effect on maize P uptake from phosphate rock and superphosphate. Commun. 
Soil Sci. Plant Anal. 40, 13–14 (2009). 

13. Pearson, J. N. & Jakobsen, I. The relative contribution of hyphae and roots to phosphorus uptake by arbuscular mycorrhizal plants, 
measured by dual labeling with 32P and 33P. New Phytol. 124, 489–494 (1993). 

14. Smith, S. E., Smith, F. A. & Jakobsen, I. Functional diversity in arbuscular mycorrhizal (AM) symbioses: The contribution of the 
mycorrhizal P uptake pathway is not correlated with mycorrhizal responses in growth or total P uptake. New Phytol. 162, 511–524 
(2004). 

15. Smith, M. D., Hartnett, D. C. & Wilson, G. W. T. Interacting influence of mycorrhizal symbiosis and competition on plant diversity 
in tallgrass prairie. Oecologia 121, 574–582 (1999). 

16. Bennett, J. A. et al. Plant-soil feedbacks and mycorrhizal type influence temperate forest population dynamics. Science 355, 181–184 
(2017). 

17. Liao, H. et al. Soil microbes regulate forest succession in a subtropical ecosystem in China: Evidence from a mesocosm experiment. 
Plant Soil 430, 277–289 (2018). 

18. Awaydul, A. et al. Common mycorrhizal networks influence the distribution of mineral nutrients between an invasive plant, 
Solidago canadensis, and a native plant, Kummerowa striata. Mycorrhiza 29, 29–38 (2019). 

19. Callaway, R. M., Newingham, B., Zabinski, C. A. & Mahall, B. E. Compensatory growth and competitive ability of an invasive weed 
are enhanced by soil fungi and native neighbours. Ecol. Lett. 4, 429–433 (2001). 

20. Workman, R. E. & Cruzan, M. B. Common mycelial networks impact competition in an invasive grass. Am. J. Bot. 103, 1041–1049 
(2016). 

21. Richardson, D. M., Allsopp, N., D’Antonio, C. M., Milton, S. J. & Rejmanek, M. Plant invasions—The role of mutualisms. Biol. Rev. 
Camb. Philos. Soc. 75, 65–93 (2000). 

22. Vogelsang, K. M. & Bever, J. D. Mycorrhizal densities decline in association with nonnative plants and contribute to plant invasion. 
Ecology 90, 399–407 (2009). 

23. Horton, T. R. Mycorrhizal Networks, Ecological Studies 224 (Springer, 2015). 
24. Lin, G., McCormack, M. L. & Guo, D. Arbuscular mycorrhizal fungal effects on plant competition and community structure. J. 

Ecol. 103, 1224–1232 (2015). 
25. Jasper, D. A., Abbott, J. K. & Robson, A. D. The effect of soil disturbance on vesicular-arbuscular mycorrhizal fungi in soils from 

different vegetation types. New Phytol. 118, 471–476 (1991). 
26. Jansa, J. et al. Diversity and structure of AMF communities as affected by tillage in a temperate soil. Mycorrhiza 12, 225–234 (2002). 
27. van der Heyde, M., Ohsowski, B., Abbott, L. K. & Hart, M. Arbuscular mycorrhizal fungus responses to disturbance are context- 

dependent. Mycorrhiza 27, 431–440 (2017). 
28. Verbruggen, E. & Kiers, E. T. Evolutionary ecology of mycorrhizal functional diversity in agricultural systems. Evol. Appl. 3, 547–560 

(2010). 
29. Řezáčová, V., Řezáč, M., Gryndlerová, H., Wilson, G. W. T. & Michalová, T. Arbuscular mycorrhizal fungi favor invasive Echinops 

sphaerocephalus when grown in competition with native Inula conyzae. Sci. Rep. 10, 20287. https://doi.org/10.1038/s41598-020- 
77030-0 (2020). 

30. Callaway, R. M., Thelen, G. C., Barth, S., Ramsey, P. W. & Gannon, J. E. Soil fungi alter interactions between the invader Centaurea 
maculosa and North American natives. Ecology 85, 1062–1071 (2004). 

31. Abhilasha, D. & Joshi, J. Enhanced fitness due to higher fecundity, increased defence against a specialist and tolerance towards a 
generalist herbivore in an invasive annual plant. J. Plant Ecol. 2, 77–86 (2009). 

32. Shah, M. A., Reshi, Z. A. & Khasa, D. Arbuscular mycorrhizal status of some Kashmir Himalayan alien invasive plants. Mycorrhiza 
20, 67–72 (2009). 

33. Shah, M. A., Reshi, Z. A. & Rasool, N. Plant invasions induce a shift in Glomalean spore diversity. Trop. Ecol. 51, 317–323 (2010). 
34. Shah, M. A., Beaulieu, M.-E., Reshi, Z. A., Qureshi, S. & Khasa, D. P. A cross-city molecular biogeographic investigation of arbus- 

cular mycorrhizas in Conyza canadensis rhizosphere across native and non-native regions. Ecol. Process. 4, 7. https://doi.org/10. 
1186/s13717-015-0034-0 (2015). 

35. Řezáčová, V., Konvalinková, T. & Řezáč, M. Decreased mycorrhizal colonization of Conyza canadensis (L.) Cronquist in invaded 
range does not affect fungal abundance in native plants. Biologia 75, 693–699 (2020). 

36. Shah, M. A., Reshi, Z. & Rashid, I. Mycorrhizal source and neighbour identity differently influence Anthemis cotula L. invasion in 
the Kashmir Himalaya, India. Appl. Soil Ecol. 40, 330–337 (2008). 

37. Řezáčová, V. et al. Plant invasion alters community structure and decreases diversity of arbuscular mycorrhizal fungal communi- 
ties. Appl. Soil Ecol. 167, 104039 (2021). 

38. Řezáčová, V. et al. The root-associated arbuscular mycorrhizal fungal assemblages of exotic alien plants are simplified in invaded 
distribution ranges, but dominant species are retained: A trans-continental perspective. Environ. Microbiol. Rep. https://doi.org/ 
10.1111/1758-2229.13108 (2022). 

39. Song, U. et al. Mowing: A cause of invasion, but also a potential solution for management of the invasive, alien plant species Erigeron 
annuus (L.) Pers.. J. Environ. Manag. 223, 530–536 (2018). 

40. Hempel, S. et al. Mycorrhizas in the Central European flora: Relationships with plant life history traits and ecology. Ecology 94, 
1389–1399 (2013). 

41. Řezáčová, V., Řezáč, M., Líblová, Z., Michalová, T. & Heneberg, P. Stable colonization of native plants and early invaders by arbus- 
cular mycorrhizal fungi after exposure to recent invaders from the Asteraceae family. IPSM 14, 147–155 (2021). 

42. Wilson, G. W. T. & Hartnett, D. C. Interspecific variation in plant responses to mycorrhizal colonization in tallgrass prairie. Am. 
J. Bot. 85, 1732–1738 (1998). 

43. Rinaudo, V., Barberi, P., Giovanneti, M. & van der Heijden, M. G. A. Mycorrhizal fungi suppress aggressive agricultural weeds. 
Plant Soil 333, 7–20 (2010). 

44. Veiga, R. S. L., Jansa, J., Frossard, E. & van der Heijden, M. G. A. Can arbuscular mycorrhizal fungi reduce the growth of agricultural 
weeds?. PLoS ONE 6, e27825 (2011). 

45. Boerner, R. E. J. Plant life span and response to inoculation with vesicular-arbuscular mycorrhizal fungi. Mycorrhiza 1, 153–161 
(1992). 

46. Wilson, S. D. Tilman plant competition and resource availability in response to disturbance and fertilization. Ecology 74, 599–611 
(1993). 

47. Xiao-Bin, W., Dian-Xiong, C. A. I., Hoogmoed, W. B., Oenema, O. & Perdok, U. D. Potential effect of conservation tillage on 
sustainable land use: A review of global long-term studies. Pedosphere 16, 587–595 (2006). 

48. Miransari, M. Contribution of arbuscular mycorrhizal symbiosis to plant growth under different types of soil stress. Plant Biol. 
12, 563–569 (2010). 

49. Latef, A. A. H. A. et al. Arbuscular mycorrhizal symbiosis and abiotic stress in plants: A review. J. Plant Biol. 59, 407–426 (2016). 
50. Richardson, D. M., Allsopp, N., D’Antonio, C. M., Milton, S. J. & Rejmanek, M. Plant invasions—The role of mutualisms. Biol. Rev. 

75, 65–93 (2000). 

http://www.nature.com/scientificreports/
https://doi.org/10.1038/s41598-020-77030-0
https://doi.org/10.1038/s41598-020-77030-0
https://doi.org/10.1186/s13717-015-0034-0
https://doi.org/10.1186/s13717-015-0034-0
https://doi.org/10.1111/1758-2229.13108
https://doi.org/10.1111/1758-2229.13108


www.nature.com/scientificreports/ 

Scientific Reports | (2022) 12:20703 | https://doi.org/10.1038/s41598-022-24669-6 11 

 

 

 

51. Řezáčová, V. et al. Mycorrhizal symbiosis induces plant carbon reallocation differently in C3 and C4 Panicum grasses. Plant Soil 
425, 441–456 (2018). 

52. Newman, E. I. A method of estimating total length of root in a sample. J. Appl. Ecol. 3, 139–145 (1966). 
53. Bukovská, P., Gryndler, M., Gryndlerová, H., Püschel, D. & Jansa, J. Organic nitrogen-driven stimulation of arbuscular mycorrhizal 

fungal hyphae correlates with abundance of ammonia oxidizers. Front. Microbiol. 7, 711. https://doi.org/10.3389/fmicb.2016.00711 
(2016). 

54. Hewitt, E. J. Sand and water culture methods used in the study of plant nutrition. CAB Tech. Commun. 22, 431–432 (1966). 
55. Řezáčová, V. et al. Imbalanced carbon-for-phosphorus exchange between European arbuscular mycorrhizal fungi and non-native 

Panicum grasses—A case of dysfunctional symbiosis. Pedobiologia 62, 48–55 (2017). 
56. Řezáčová, V. et al. Little cross-feeding of the mycorrhizal networks shared between C3-Panicum bisulcatum and C4-Panicum 

maximum under different temperature regimes. Front. Microbiol. 9, 449 (2018). 
57. Ohno, T. & Zibilske, L. M. Determination of low concentrations of phosphorus in soil extracts using malachite green. Soil Sci. Soc. 

Am. J. 55, 892–895 (1991). 
58. Thonar, C., Erb, A. & Jansa, J. Real-time PCR to quantify composition of arbuscular mycorrhizal fungal communities-marker 

design, verification, calibration and field validation. Mol. Ecol. Res. 12, 219–232 (2012). 
59. McGonigle, T. P., Miller, M. H., Evans, D. G., Fairchild, G. L. & Swan, J. A. A new method which gives an objective-measure of 

colonization of roots by vesicular arbuscular mycorrhizal fungi. New Phytol. 115, 495–501 (1990). 
60. Koske, R. E. & Gemma, J. N. A modified procedure for staining roots to detect VA-mycorrhizas. Mycol. Res. 92, 486–505 (1989). 
61. R Core Team. R: A Language and Environment for Statistical Computing. https://www.R-project.org/ (R Foundation for Statistical 

Computing, 2022) 

Acknowledgements 
This research was supported by the Czech Science Foundation (project 18-01486S) and the Ministry of Agricul- 
ture of the Czech Republic (grant number MZe RO0418). We are grateful to David Püschel for organizing the 
substrate, Hana Hršelová and Hana Gryndlerová for contribution to establishment and harvest of the experi- 
ment and participation in sample analyses, Jan Jansa for providing AM fungal inoculum, and Alois Honěk for 
providing F. pratensis seeds. 

Author contributions 
Conceptualization: V.Ř., T.M. and M.Ř.; methodology: V.Ř. and T.M.; formal analysis: V.Ř. and T.M.; investiga- 
tion: V.Ř.; writing—original draft preparation: V.Ř.; writing—review and editing: V.Ř. and G.W.; supervision: 
V.Ř. and T.M. All authors have read and agreed to the published version of the manuscript. 

Competing interests 
The authors declare no competing interests. 

Additional information 
Supplementary Information The online version contains supplementary material available at https://doi.org/ 
10.1038/s41598-022-24669-6. 

Correspondence and requests for materials should be addressed to V.Ř. 

Reprints and permissions information is available at www.nature.com/reprints. 

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations. 

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or  

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/. 

© The Author(s) 2022 

http://www.nature.com/scientificreports/
https://doi.org/10.3389/fmicb.2016.00711
https://www.r-project.org/
https://doi.org/10.1038/s41598-022-24669-6
https://doi.org/10.1038/s41598-022-24669-6
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

