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Abstract

Tillage and weed control are critical components of cropping systems that need to be combined such

that crops benefit from reduced competition. However, weeds may also contribute to the biological

diversity within the agro-environment. This greenhouse study investigated whether common weeds of

arable cropping systems were suitable host plants for arbuscular mycorrhizal fungi (AMF), allowing

the development of extraradical mycelium (ERM) that can contribute to the early colonization of a

following wheat crop, especially in the absence of soil disturbance. Weeds were allowed to grow for

up to 2 months before being controlled by soil disturbance or herbicide application (glyphosate or

paraquat). Pregerminated wheat seeds were then planted. Chemical control of the weeds prior to

sowing enhanced the early arbuscular mycorrhiza (AM) colonization rate of wheat roots, whereas

mechanical disturbance was less acceptable as a method of weed control for rapid AM colonization.

The type of herbicide (contact or systemic) had no impact on colonization of the wheat crop.

Enhanced AM colonization promoted early P acquisition and growth of the crop. Appropriate

management of weeds emerging between two consecutive cropping seasons coupled with no-till soil

management could ensure a quick and efficient AM colonization of the following wheat plants.

Keywords: Arbuscular mycorrhiza fungi, herbicides, weed control method, weeds, wheat, soil

disturbance

Introduction

Mechanical or chemical control of weeds in agricultural

crops aims at eliminating competition for nutrients, water

and light (Zimdahl, 2004). However, beneficial effects of

weeds have been identified in certain cropping systems. For

example, Feldmann & Boyle (1999) report that the absence

of weeds in continuous maize production was deleterious as

it resulted in the reduction in the types of mycorrhizal spores

present and the population of arbuscular mycorrhizal fungi

(AMF) were less effective in supplying nutrients to the host

crop. Nevertheless, many benefits accrue to plants from their

association with AMF (Gupta et al., 2000). The ones most

often described are related to acquisition of nutrients,

particularly those that are less mobile, such as P (Covacevich

et al., 2006). However, AMF can also act as parasite, even

in situations where P availability is limited (Ryan et al.,

2005).

Under Mediterranean conditions, it is common for weeds to

germinate between two cropping seasons after autumn rain.

AMF can colonize roots of most agricultural crops and weeds

indiscriminately (Yamato, 2004), and their extraradical

mycelium (ERM) can link different colonized plants (Newman

et al., 1994). Moreover, in the autumn, weeds germinate when

soil temperature is warmer, which is beneficial for AM

colonization (Daniels & Trappe, 1980). Kabir & Koid (2000)

showed the advantages of having mycotrophic cover crops to

enhance the AM inoculum potential in agriculture systems.

Consequently, with appropriate management, the weed

population could play a role similar to cover crops in

improving AM inoculum potential as well as enhancing the

diversity of AMF under agricultural systems.

Soil hyphae are a more effective source of AM inoculum

than spores under undisturbed soil conditions (Kabir, 2005).

Knowing that ERM initiates AM colonization earlier and

develops faster than do other types of propagule (Fairchild

& Miller, 1988; Martins & Read, 1997), the benefits to

nutrient acquisition, especially accumulation of P, following

AM colonization starting from ERM are well documented

(Fairchild & Miller, 1988; Goss & de Varennes, 2002).
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Under no-till cropping systems, the ERM of the weeds is

kept intact, creating a unique opportunity to enhance early

colonization of the next crop. In addition, there are also

possibilities for improved nutrient resource transfer between

senescing weeds and the crop (Van Kessel et al., 1985;

Johansen & Jensen, 1996; Yao et al., 2003). Realizing the

full potential of these opportunities requires knowledge of

whether different methods of controlling weeds can influence

the ability of the ERM associated with its roots to enhance

early AM colonization of the next crop.

Under no-till, a preseeding herbicides, usually glyphosate

[N-(phosphonomethyl) glycine] or paraquat [1,1’-dimethyl-

4.4’-bipyridilium ion], are applied to control the weeds. The

effect of herbicides, including glyphosate and paraquat, on the

AMF population and its ability to colonize the plant roots is

not clear, and some results appear to be contradictory. For

example, glyphosate applied to the foliage of weeds or to

tolerant crops at recommended field rates had no negative

effects on AM colonization (Powell et al., 2009; Reis

et al.,2010). Pope & Holt (1980) found similar results for

paraquat and Ryan et al. (1994) found no effect of diclofop-

methyl and diflufenican and bromoxynil. However, Abd-Alla

et al. (2000) found that, if mixed into the soil, paraquat and

bromoxynil reduced AM colonization of grain legumes. Pope

& Holt (1980) also reported that applying glyphosate at

double the recommended rate impaired AM colonization.

However, Sheng et al. (2012) found that although glyphosate

had no effect on the rate of AMF colonization, it modified the

composition of AM community, which could interfere in the

final outcome of the symbiosis as there is a degree of

functional diversity within AMF (Garg & Chandel, 2010).

The objectives of this investigation were therefore to

evaluate whether the integrity of the ERM from indigenous

AMF, associated with the roots of common weeds of cereal

cropping systems, as influenced by the method of weed

control, can influence mycorrhizal colonization of a

following wheat crop.

Wheat was selected as the recipient host used in this study

because of its importance worldwide, even though there is a

wide range in the AMF colonization rate and effectiveness

reported for this crop. For example, wheat varieties differ

greatly in the degree by which they are colonized by AMF

(Azc�on & Ocampo, 1981) and the ability of the symbiosis to

improve biomass and yields ranges from negative (a parasitic

effect) (Ryan et al., 2005) to five times greater yields than

for nonmycorrhizal plants (Karagiannidis & Hadjisavva-

Zinoviadi, 1998).

Materials and methods

The main objective of this study was to investigate

whether AM colonization starting from an intact

extraradical mycelium (ERM) developed from indigenous

AMF population on common weeds would enhance the

AMF colonization rate of wheat, resulting in a more rapid

initial growth and P uptake. Wheat (Triticum aestivum L.,

var. Coa) was chosen as the test crop, being an important

modern high yielding variety for the region. The most

common grass weeds in the southern regions of Portugal,

Persian ryegrass (Lolium rigidum Gaudin), wild oat (Avena

sterilis L.) and little seed canary grass (Phalaris minor

Retz.) were used in the study. A greenhouse pot

experiment was developed with two stages. In the first

stage, the selected weeds were grown to develop the AMF

extraradical mycelium (ERM). To create two contrasting

states of ERM integrity, the weeds were then controlled

with or without soil disturbance, that is, the ERM was

either disrupted or kept intact. In the second stage of the

experiment, wheat was planted in each pot and grown for

two different lengths of time. The experiment therefore

considered two factors: the integrity of the ERM at the

beginning of stage two (factor 1) and the duration of the

period of wheat growth (factor 2). Experiment 1 was

repeated to validate the working hypothesis but with some

simplifications and adjustments to obtain supplementary

information (Experiment 2).

Experiment 1

There were three treatments with five replicates: soil disturbance

(ERM disrupted) and two types of herbicide, paraquat and

glyphosate (ERM kept intact). The two herbicides were chosen,

as they have contrasting modes of action (paraquat – contact,

glyphosate – systemic), and systemic fungicides have been

shown to be more effective on AMF than contact types (Menge,

1982). Consequently, it was possible to investigate if they

exerted different influences on the infectivity of the ERM and

the performance of the AM symbiosis.

One pregerminated seed of each of the selected weed

species was planted in each of thirty 6L-plastic pots

containing 6 kg soil. After 2 months of growth, weeds were

controlled by the appropriate method. For chemical control,

weeds were sprayed with a volume equivalent to 300 L/ha

containing 2 g/L paraquat (Gramoxone�) or 3.6 g/L

glyphosate (Roundup�).

For mechanical control, shoots were first excised, and then

the soil was removed from each pot as two layers of

ca. 0.2 m depth and passed separately through a 4 mm

sieve. All root material separated on the sieve was cut into

2-cm-long segments and mixed into the soil of the appropriate

layer. Soil was repacked in the pots and arranged in the same

two layers. Shoot material was cut into small fragments and

mixed into the top layer.

Pots were left for 12 days to allow the herbicides to act.

For the second stage of the experiment, 4 pregerminated

wheat seeds (5 days old) were placed in each pot and

allowed to grow for 14 or 21 days.
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The parameters measured were the AM colonization rate

of roots, shoot dry weight and P acquisition by the wheat

for both growth periods.

To determine AM colonization rate, roots were carefully

removed, washed and stained with 0.1% Trypan Blue in

lactoglycerol (Phillips & Hayman, 1970). AM colonization

assessment was carried out according to the magnified

intersections method (McGonigle et al., 1990), which gives

colonization as nondimensional parameter expressed as a

fraction. Shoots were dried at 70 °C for 48 h and then

weighed. A composite plant sample of the five replicas of

each treatment was ground and analysed for P content by

colorimetry, after ashing the samples at 500 °C and

dissolving the residue in 0.3 M HCl.

The soil used was a Luvisol collected in the autumn from

the top 20 cm of an arable field at Revilheira farm, Alentejo

(38º28′N 7º28′W). Basic fertility assessment showed that the

air-dried and sieved (4 mm) soil contained 18 mg P2O5/kg,

72 mg K2O/kg, 24 mg NO3–N/kg, 13 mg OM/g and had a

pH (water) of 6.1. Soil was air-dried and sieved before use,

but otherwise untreated. Pots were kept in a greenhouse and

watered (to weight) every 2 days to approximately field

capacity (0.17 g/g). The minimum temperature in the

greenhouse was set at 17 °C, and the maximum temperature

was set at 30 °C.
The ANOVA was performed considering a two factor

experimental arrangement. Factor 1 with three levels (weeds

controlled by soil disturbance, weeds controlled by glyphosate,

weeds controlled by paraquat) and factor 2 with two levels

according to the period of wheat growth (14 and 21 days).

Experiment 2

The experiment was simplified without changing the working

hypothesis, but the number of pots in stage 1 was modified

to allow determination of AMF colonization parameters for

the weeds. The duration of weed growth was reduced to

1 month. Only glyphosate was used as the herbicide

treatment, given that in Experiment 1, there was no

significant effect on colonization of the type of herbicide.

The period of wheat growth was increased to 21 and

28 days, because in Experiment 1 the significance of the

difference between treatments of factor 1, increased between

14 and 21 days of wheat growth. Because the time for which

the wheat grew was longer, N, Zn and S were applied in

stage 2 of the experiment to ensure other nutrients would

not limit plant response to P.

One week after planting the wheat, N was applied as

NH4NO3 at a rate of 50 mg N/kg dry soil, equivalent to

120 kg of N/ha. At the same time, Zn was applied as ZnSO4

at a rate of 3.4 mg Zn and 1.7 mg S/kg dry soil (8 kg of Zn

and 4 kg of S/ha).

The soil used in Experiment 1 was reused for this second

experiment after the material from all the pots had been

thoroughly mixed together, passed through a 4-mm sieve

and then repotted, to eliminate any possible carryover effects

of the treatments from Experiment 1. The total number of

pots was 25 (20 for the two soil disturbance treatments, two

periods of growth for the wheat, with fivefold replication,

and five extra pots that were used at the end of stage 1 to

investigate AM root colonization rate of the weeds).

An ANOVA was performed for a complete randomized

block design with two factors, one with two levels consisting

of the treatments under study (weeds controlled by soil

disturbance and weeds controlled by glyphosate) and one,

also with two levels, based on the period of wheat growth

(21 and 28 days). All procedures for this experiment not

specifically described above were the same as those used in

Experiment 1.

For the common wheat growth period in the two

experiments (21 days), an ANOVA was performed using a

combined one factor model (weeds control method) with two

levels (soil disturbance and glyphosate).

Results

Experiment 1

Mycorrhizal colonization of the wheat (arbuscular and

hyphal) was affected by the weeds control method (Table 1).

Soil disturbance to control weeds induced significantly

smaller arbuscular (AC) and hyphal (HC) colonization after

both growing periods. At 14 days after planting (DAP), the

shoot dry matter of the wheat was greater after soil

disturbance treatment, but by 21 DAP the glyphosate

treatment resulted in a significant increase on the growth.

Phosphorus uptake was not affected by treatment at 14

DAP, but by 21 DAP it was significantly greater in the

herbicide treatments than in the disturbed soil (Table 1). As

the shoots from the five replicas were all weighed together,

no statistical information could be determined for the 14

Table 1 Effect of weed control method on growth and AM

colonization parameters of wheat (Experiment 1)

Measured

parameters

Days after

planting

Method of weed control

Glyphosate Paraquat Disturbance

Shoot dry

matter (g/pot)

14 0.041c n.d. 0.065b

21 0.097a 0.081ab 0.072b

P uptake

(mg/pot)

14 0.04d n.d. 0.07cd

21 0.40a 0.30b 0.12c

Hyphal

colonization

14 0.68b 0.75ab 0.48c

21 0.84a 0.77ab 0.46c

Arbuscular

colonization

14 0.35a 0.36a 0.08b

21 0.40a 0.33a 0.14b

For each measured parameter, means followed by the same letter are

not significantly different (a = 0.05). n.d., not determined.
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DAP wheat plants from the paraquat treatment. However,

the mean values for this treatment were 0.06 g/pot for shoot

dry matter and 0.05 mg P/pot for P uptake. At 21 DAP, the

AM colonization parameters and shoot dry matter of the

wheat were not significantly different between the two

herbicide treatments, but the acquisition of P was

significantly less after paraquat than after glyphosate

(Table 1).

At 21 DAP, there was no correlation between arbuscular

colonization and shoot dry weight (P = 0.11) of the wheat

(Figure 1a), but P uptake was proportional to the level of

arbuscular colonization (Figure 1b).

Experiment 2

The average hyphal and arbuscular colonization of little seed

canary grass, wild oat and Persian ryegrass roots 1 month

after planting were 0.16 (�0.023) and 0.11 (�0.008),

respectively. This was relatively small in comparison with the

values found for wheat (Table 2).

Shoot dry matter of wheat was not significantly affected

by treatment. However, AM colonization parameters (AC

and HC) and P uptake were significantly reduced by soil

disturbance for both periods of wheat growth (Table 2).

There was a positive and highly significant correlation

between arbuscular colonization and wheat plant growth

(Figure 2a) and P uptake (Figure 2b) at 21 days after wheat

planting (P < 0.01).

Analysis of the combined data from the two experiments

for the common period of wheat growth (21 DAP), weed

control by soil disturbance significantly reduced all values of

the parameters measured relative to those of the herbicide

treatment (Table 3).

Discussion

Consistent with our initial hypothesis, the use of herbicides

to control weeds increased the AM inoculation potential

for the following wheat crop relative to mechanical control.

Early colonization was associated with the presence of an

intact ERM when the seeds were sown. Under these

conditions, weeds were able to enhance the AM

colonization parameters of the crop, which was consistent

with the results of Feldmann & Boyle (1999). However, in

the experiment of Feldmann & Boyle (1999), the weeds

were present concurrently with the crop, when a degree of

competition between the two would be inevitable. In our

study, weeds never coexisted with the wheat, and there was

no competition between the two. The common weeds of

Mediterranean arable fields tested in this study were able to

promote the development of an extraradical mycelium and,

when it was kept intact, the initial AM colonization of the

crop was enhanced. This was consistent with the conclusion

that AMF colonized indiscriminately the roots of most

agricultural crops and weeds (Yamato, 2004). Importantly,

even though the level of AM arbuscular colonization of the

weeds was only 0.11 � 0.008, they promoted extraradical

mycelium development and AM bridging to the wheat

crop.

Table 2 Effect of weed control method on plant growth and AM

colonization parameters of wheat (Experiment 2)

Measured parameters

Days after

planting

Method of weed control

Glyphosate Disturbance

Shoot dry matter (g/pot) 21 1.22b 1.02b

28 2.72a 2.65a

P uptake (mg/pot) 21 2.70c 2.03d

28 6.20a 5.53b

Hyphal colonization 21 0.39b 0.22c

28 0.48a 0.29c

Arbuscular colonization 21 0.28ab 0.18c

28 0.33a 0.23bc

For each measured parameter, means followed by the same letter are

not significantly different (P ≤ 0.05).
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Figure 1 Correlation between arbuscular colonization and (a) shoot dry weight; (b) P uptake in wheat (Triticum aestivum, L.) 21 days after

planting. Results from Experiment 1.
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The method of weed control had a significant impact on the

effectiveness of bridging between the weeds and the crop.

Mechanical weed control significantly reduced the level of AM

colonization of the wheat plants in both experiments relative

to the use of herbicide, probably by disrupting the extraradical

mycelium associated with the roots of the weeds. This

hypothesis is consistent with the basic concepts proposed by

Newman et al. (1994) that extraradical mycelium can link

different plants, and if kept intact, ERM is a better source of

propagule to start AM colonization (Fairchild & Miller, 1988;

Martins & Read, 1997). Considering that weeds and the crop

were not present at the same time, the benefit of having an

enhanced AM colonization of the crop can only be obtained if

the ERM is kept intact, as postulated and confirmed by the

results of this study. Considering that the AM colonization

rate of the wheat at 21 DAP, when the weeds were controlled

by herbicide, was much larger than those observed for the

weeds, results have significant practical implications for winter

sown cereals under field conditions. It is especially relevant to

limited-input cropping systems, where the mycorrhiza

symbiosis is expected to increase its importance.

Consequently, where mycorrhizas appear to be beneficial

weeds should be eliminated by herbicide application and the

crop seeded by no-till. Under conditions where the AMF are

parasitic (e.g. Ryan et al., 2005), the use of no-till would be

expected to be more detrimental to the crop than intensive soil

disturbance.

The difference in mode of action between the two

herbicides tested in Experiment 1 had little effect on the

wheat AM colonization parameters, indicating that herbicide

was of little importance in the infectivity of the ERM,

supporting the views of Reis et al. (2010), Powell et al. (2009)

and Ryan et al. (1994) but not that of Abd-Alla et al. (2000).

At 21 DAP, the common timing for the evaluation of wheat

growth in the two experiments, improvement in wheat growth

(Figure 2a) and P uptake (Figures 1b and 2b), was consistent

with greater arbuscular colonization indicating that wheat

derived a nutritional advantage from an enhanced AM

colonization as found by Karagiannidis & Hadjisavva-

Zinoviadi (1998). In fact, the combined analysis of the two

experiments showed that, not only AM colonization of wheat

significantly improved (P < 0.05) but also the growth of the

shoots and uptake of P were significantly increased (P < 0.05)

(Table 3), when the ERM initiated on weed roots remained

intact (weeds controlled by herbicide). Hetrick et al. (1993)

found that current wheat cultivars are much less responsive to

AMF compared with cultivars released before 1950. However,

in spite of the fact that we used a modern wheat variety, the

crop was able to benefit from AM colonization, indicating

that this concept can be introduced in current cropping

systems. Effective mycorrhizal colonization of autumn-sown

wheat is difficult because of direct impacts of temperature on

spore germination (Daniels & Trappe, 1980; Kosk, 1981). We

hypothesized that weeds could play an important role to

overcome this limitation, assuming they germinate at the

beginning of the new season, several weeks before the typical

time to sow wheat, and being able to support the development

of an ERM at this time. According to our results, if weeds are

chemically controlled and the extraradical mycelium is kept

intact (no-till seeding techniques), the AM colonization of the

roots of young wheat plants can be enhanced by autumn-

germinating weeds because this faster colonizing form of

inoculum (Read et al., 1976) is available, and apparently the

period needed for the weeds to develop an appropriate

Table 3 Effect of weed control method on plant growth, P uptake

and AM colonization parameters at 21 days after planting. Mean

values of the two experiments

Measured parameters

Method of weed control

Glyphosate Disturbance

Shoot dry matter (g/pot) 0.658a 0.545b

P uptake (mg/pot) 1.549a 1.072b

Hyphal colonization 0.612a 0.340b

Arbuscular colonization 0.342a 0.158b

For each measured parameter, means followed by different letter are

significantly different (P ≤ 0.05).
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Figure 2 Correlation between arbuscular colonization and (a) shoot dry weight; (b) P uptake in wheat (Triticum aestivum, L.) 21 days after

planting. Results from Experiment 2.
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extraradical mycelium fits within the normal agronomic

calendars.

The weeds tested (Lolium rigidum Gaudin, Avena sterilis L.

and Phalaris minor Retz.) acted as intermediate host plants

able to develop an extraradical mycelium and promoted AM

bridging to the following cereal crop. Mechanical

disturbance was clearly a less appropriate method for weed

control when benefits of AM colonization are desirable for

optimum growth of the following crop.

There was no effect of the mode of action of the herbicide

used to control weeds on AM colonization, as measured by

either hyphal or arbuscular presence. However, the type of

herbicide was found to be a critical factor in the level of

benefit to be gained by wheat from the enhanced acquisition

of P following colonization initiated by intact ERM. The

greater AM colonization of wheat, when weeds were

controlled by herbicides rather than by mechanical

disturbance, promoted early P acquisition and growth of the

crop, but the amount was 25% greater with the systemic

glyphosate than the contact-acting paraquat. This suggests

that the effectiveness of the AMF colonizing the roots

following the different herbicides is altered, possibly by

modifying the community structure (Sheng et al., 2012). The

adoption of no-till and proper management of weed

populations that emerge between two consecutive cropping

seasons could provide a valuable tool to ensure a quick and

efficient AM colonization of young wheat seedlings.
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