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Abstract
In cereals cultivated in Southern Chilean Andosols, arbuscular mycorrhizal (AM)
fungi may play a main role for phosphorus (P) uptake. Because P acquisition at early
growth stages is crucial for cereals, we investigated the development of indigenous
AM during the first 45 days after planting of two wheat, barley and oats varieties
in two typical Andosols of the region, under plastic house. Minimum temperatures
were between – 5ºC and + 5ºC at night and maximum between 18ºC and 30ºC during day. The results showed that root biomass of all species increased in both soils
until 30 days and remained constant thereafter until 45 days. The intensity of AM
infection (root area and root biomass infected) was low at 15 days, increased slightly
from 15 to 30 days and increased sharply and significantly from 30 to 45 days. Plant
species and varieties differed in root biomass formation but not in frequency and
intensity of infection with AM structures. Thus, those cereals species and varieties
with more root production had higher total mycorrhizal root biomass, and those
may potentially benefit more from AM. It is also concluded that during early growth
stages cereals invest first into root development and then into AM fungal biomass.
Keywords: cereals, physiology, symbiosis, root colonization, root biomass.
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1. Introduction
Southern Chile is the main production area of wheat,

al., 1974) will limit yields significantly. P deficiency

barley and oats in Chile (ODEPA, 2011). It is well

within 15 days after sowing reduced plant height, root

established in literature that the Andosols in the area

growth and grain yields. Research of the Potash and

are low in available nutrients and that phosphorus (P)

Phosphorus Institute (Snyder et al., 2003) has also

deficiency can limit wheat production (Pino et al.,

clearly shown in many field research studies in USA

2002). Soil acidification due to high rainfall and use

and Canada, that early P supply to wheat is important

of ammonium fertilizers (Mora and Demanet, 1999)

for tillering of the crop and finally for the cereal grain

further increase the problem of low P availability. It

production. Li et al. (2006) have shown that more

has earlier been postulated that the management of the

than 50% of P acquisition during the first 36 days of

indigenous arbuscular mycorrhizal (AM) fungi may be

wheat cultivation was by mycorrhiza. Hence, know-

a valuable agronomic tool to optimize P aquisition of

ing that early P nutrition is so essential in cereals, and

cereals by biological means, and thus increase soil pro-

knowing that AM is so critical for P nutrition, we de-

ductivity and grain yields (Sieverding, 1991). There is

cided to systematically study the AM development of

no doubt that the AM symbiosis between plant roots

each of two varieties of wheat, barley and oat in two

and glomeromycotean fungi has its primary impor-

representative soils of Southern Chile with their na-

tance for P uptake and P supply to plants in particular

tive AM fungal populations.

under edaphic conditions where P is not easily avail-

b) The other reason for being interested in early

able (Finlay, 2008). In addition, several other benefi-

development of AM in cereals is related to root health.

cial effects of AM fungi for plants have been reported

As stated above, AM was found to be of great impor-

like improved water relations (Auge, 2004), tolerance

tance for root health when AM was established first,

of salt stress (Daei et al., 2009) and toxic elements in

before root pathogens or nematodes attacked. So, the

soils (Karimi et al., 2011). Also, improved root health

second reason for the systematic investigation of early

have been reported always when the AM association

AM development in roots of small grain cereals like

is established before root pathogenic or nematode at-

wheat, barley and oat was whether there are differ-

tacks occurred (Pfleger and Linderman, 2002).

ences between cereal species and varieties in early

We were interested in the early development of

AM development. This information may at a later

AM in roots of the three cereals due to two main rea-

stage be of importance for “rhizosphere health” stud-

sons:

ies in cereals.

a) Plant nutritional studies have shown that the P

AM establishment and root colonization of cereals

acquisition during early cereal growth stages is cru-

is known to depend on a) the AM fungi present in the

cial for their grain production. For example, Elliott et

soil and on the germination potential/stimulation of in-

al. (1997) showed in experiments carried out in Aus-

fective fungal propagules (Jeffries et al., 2003); b) the

tralia that any P deficiency until wheat growth stage

susceptibility of the cereal species and varieties to get

30 (tillering finished, start stem elongation, Zadock et

infected by AM fungi (Boyetchko and Tewari, 1995)
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where also genetical recognition factors are involved

the AM infection frequency and intensity in roots, and

(Gadkar et al., 2001; Balestrini and Lanfranco, 2006),

compared them with shoot and root development.

and c) the soil edaphic and biotic conditions and characteristics, like nutrient status, pH, water holding ca-

2. Materials and methods

pacity, aeration, organic matter content (Medina and
Azcón, 2010), as well as the presence or absence of

Pot experiments were carried out in a non-heat-

other rhizosphere and soil microorganisms (Welc et

ed plastic house, at the Universidad Catolica de

al., 2010). The interactions of these three major com-

Temuco, during July and August 2010. This is the

ponents, which influence the establishment of the

habitually time when cereals are normally planted,

symbiosis, are rather complex but at the final end the

in the field, in Southern Chile. Air temperatures in

colonization levels within the root tissue are the result

this plastic house were between -5ºC and 5ºC during

of these interactions. So, in the current study we inves-

night as minimum and maximum between 18ºC and

tigated the results of such interactions by measuring

30ºC during day time (Figure 1).

Figure 1. Minimum and maximum air temperatures in plastic house during the time of the experiment.
Two soils were used in the assay, being both typical

potato before our use, while the other soil had cereals

Andosols for Southern Chile. One soil was from the

for the past years before use in the experiment. Soils

Agricultural Experimental Station Pillanlelbún of the

differed in available P (Olsen and Sommer, 1982) and

Universidad Católica de Temuco, Comuna de Lautaro

in organic matter content (Walkley and Black, 1934).

and the other from a field site near Cunco (Table 1).

Soil pH (measured in soil:water using 1:2.5 ratio) was

The soil from Pillanlelbún had been cultivated with

between pH 5.6 and 6.0.
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Table 1. Soils used in bioassays.
Soil

Location

Code

Coordinates

pH
(in water)

Olsen-P
(mg kg-1)

Organic
matter (%)

Temuco Serie

Pillalelbún

S1

38º62’;72º46’

5.6

14.6

26.5

Cunco Serie

Cunco

S2

38º55’;72º02’

6.0

35.3

18.5

Values are averages of three replicates

Soils were collected in the field from a 5 - 20 cm

and then pre-germinated in plastic Petri dishes. One

depth. They were sieved and homogenized by passing

seed per pot was planted just after radicle germina-

through a sieve with 0.5 cm mesh opening; 250 mL

tion. This was done to make sure that homogenously

soil was filled into 300 mL plastic pots. Two different

germinated seed was planted in all pots. During the

wheat, barley and oats varieties were used in the study

time of the experiment no fertilizers were added. Soil

(Table 2); these varieties are widely used in the region

humidity was maintained at water holding capacity of

of La Araucanía, the Center of Southern Chilean ce-

the soils. Such humidity levels are common during the

real production. Seeds were superficially disinfected

winter and early spring time also in the field.

Table 2. Cereal species, varieties and growth habits of cereals planted.
Cereal species

Varieties

Code

Growth habit

Triticum aestivum L.

“Kumpa-INIA”

CV-1

Winter variety

“Bakán-Baer”

CV-2

Alterative variety

Hordeum vulgare L.

“Sebastián-Baer”

CV-1

Spring variety

“Barke-Baer”

CV-2

Spring variety

“Pepita-Baer”

CV-1

Alternative variety

“Supernova-INIA”

CV-2

Alternative variety

Avena sativa L.

* Alternative varieties can be planted in Southern Chile in fields during any time of winter through spring

Of each plant variety, twelve pots were sown. Four

of oats was delayed as earlier own investigations had

pots each were harvested 15 days after planting

shown no mycorrhizal root infection at 15 DAP.

(DAP), for oats at 21 DAP (H1), 30 DAP (H2) and 45

For each harvest, plant shoots were cut at ground

DAP (H3). Second and third harvests corresponded

level and the fresh weight was determined. Roots

to plant growth stages 1.12 and 1.13 (two and three

were carefully washed free from soil and fresh

leaves unfolded, Zadock et al., 1974). First harvest

weight was established. A subsample of fresh root
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material was taken randomly after the whole root

and n1 are the number of fragments in the respec-

sample had been cut into about 1 cm long segments.

tive categories 5, 4, 3, 2, and 1 (Alarcón and Cuenca,

This subsample was used for determination of AM

2005). The root biomass infected with mycorrhiza

colonization. AM fungal structures in roots were

was calculated by multiplying the root fresh weight

stained with 0.05% trypan blue at 60ºC for 5 min in

with M%.

a water bath (Phillips and Hayman, 1970) after heating in 2.5% KOH at 60ºC for 12 min, rinsing then in

Statistical analysis

a few changes of water, and acidifying the roots in
1% hydrochloric acid at room temperature for 1 h.

The data were analyzed using mean values and stan-

The stained root segments were stored in distilled

dard deviations which are shown in the graphs within

water and 4ºC until they were used for slide prepara-

the Results section.

tion. Thirty root segments (about 1 cm long) of each
treatment were mounted on three slides in a polyvi-

3. Results

nyl alcohol–lactic acid–glycerol solution (Koske and
Tessier, 1983) and examined at 100–400x magnifica-

Triticum aestivum L.

tion under a Olympus YS100 light microscope. Frequency of mycorrhizal infection (F %) was assessed

Shoot and root fresh weight increased until 30 days

by relating the number of infected 1-cm root seg-

after planting (DAP) and remained almost constant

ments (no) to the total number 1-cm root segments

thereafter (Figure 2) in both soils. Biomass produc-

observed (N): F% = 100 (N-no) / N. Intensity of AM

tion was somewhat higher in the Pillanlelbún soil.

infection in the root cortex was determined by the

Wheat var. “Bakán” (CV-1) had a higher production

five-class classification system following the method

than var. “Kumpa” (CV-2). Frequency of AM infected

described by Trouvelot et al. (1986). This measure-

roots was high between about 15-50% at 15 DAP and

ment is based on the infection (M%) in each root

increasing to more than 30-70% at 30 DAP and 45

segment using values from 0 to 5. Numbers indicate

DAP with little differences between the varieties. In-

the proportion of root cortex colonized by the fun-

tensity of AM infection was low until 30 DAP and

gus: 0 = without colonization; 1 = colonization trace;

increased thereafter sharply in both soils and both va-

2 = less than 10%; 3 = from 11 to 50%; 4 = from

rieties. There were little differences between varieties.

51 to 90%; and 5 = more than 90% of the volume

However, when calculating the infected root biomass,

of root segment occupied by the fungus. M% was

it was evident that var. “Bakán” had more infection

estimated by the following equation: M% = (95n5 +

than var. “Kumpa”, but without much differences be-

70n4 + 30n3 + 5n2 + n1) / N, where n5, n4, n3, n2,

tween soils (Figure 2).
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Figure 2. Plant growth parameter (shoot and root fresh weight) and mycorrhizal colonization parameters
(frequency of infection, infection intensity, and infected root biomass) in wheat var. “Kumpa” (CV-1) and var.
“Bakán” (CV-2) at 15 days after planting (DAP, H1), 30 DAP (H2), and 45 DAP (H3) in two Andosols: Pillalelbún
(S-1) and Cunco (S-2). Bars indicate standard deviation of 4 replicates.

Hordeum vulgare L.

biomass production of var. “Sebastián” was clearly
higher in the Pillanlelbún soil, no differences were

Growth of barley varieties followed about the same

found between varieties in the Cunco soil. Also, there

pattern as wheat varieties over time (Figure 3). While

was little increase in biomass over the growth period
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in Cunco soil. Frequency of AM root infection was

infection in Cunco soil was similar as with wheat but

between 30 and 80% with var. “Sebastián” and infec-

in Pillanlelbún soil var. “Sebastián” increased infec-

tion frequency increased in both soils from 15 to 30

tion intensity linearly over time, while in var. “Barke”

DAP. Little or no response was found over time in in-

infection intensity and infected biomass was low at 15

fection frequency with var. “Barke”. Intensity of AM

and 30 days before it increased (Figure 3).

Figure 3. Plant growth parameter (shoot and root fresh weight) and mycorrhizal colonization parameters
(frequency of infection, infection intensity, and infected root biomass) in barley var. “Sebastián” (CV-1) and var.
“Barke” (CV-2) at 15 days after planting (DAP, H1), 30 DAP (H2), and 45 DAP (H3) in two Andosols: Pillalelbún
(S-1) and Cunco (S-2). Bars indicate standard deviation of 4 replicates.
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Avena sativa L.

in Pillanlelbún soil, and more with var. “Supernova”
than with “Pepita”, frequency of infection was at around

Increase of oats growth over time depended on the va-

30% only in Cunco soil at all timings and with both vari-

riety and soil (Figure 4). Less increase of biomass over

eties. Infection intensity and infected root biomass were

time was found with var. “Supernova” than with var.

very low at 21 and 30 DAP, and increased considerably

“Pepita”. In Cunco soil var. “Pepita” increased biomass

until 45 DAP. Differences between varieties were little

more over time than in Pillanlelbún soil. While frequen-

except that infected root biomass in Cunco soil remained

cy of AM root infection increased somewhat with time

low with var. “Supernova” at 45 DAP (Figure 4).

Figure 4. Plant growth parameter (shoot and root fresh weight) and mycorrhizal colonization parameters
(frequency of infection, infection intensity, and infected root biomass) in oats var. “Pepita” (CV-1) and var.
“Supernova” (CV-2) at 21 days after planting (DAP, H1), 30 DAP (H2), and 45 DAP (H3) in two Andosols:
Pillalelbún (S-1) and Cunco (S-2). Bars indicate standard deviation of 4 replicates.
Journal of Soil Science and Plant Nutrition, 2012, 12 (3) 511-524
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General plant species effect
Oats, followed by barley, produced most biomass on
average of all varieties and soils. Wheat had significant less biomass production and little increase over
time (Figure 5). When wheat, barley and oats were
compared as main factors for AM root infection (Figure 5), it was clear that frequency of root infection was
similar with all three species at the first harvest and increased until 30 DAP without further increase until 45
DAP. However, in general it appears that wheat had
highest AM infection frequency, followed by barley
and oats which presented the lowest frequency. Intensity of infection was low for all three species at first
and second harvest and increased thereafter sharply
and significantly at the third harvest. There, no difference in infection intensity was found between wheat
and barley but it appears that oats had always lower
infection intensities. Interestingly, all three plant species had same infected root biomass at each harvest
and infected root biomass increased for the three species in the same way over time (Figure 5).

Figure 5. General main effect of plant species wheat
(W), barley (B) and oats (O) on growth parameter
(shoot and root fresh weight) and mycorrhizal
colonization parameters (frequency of infection,
infection intensity, and infected root biomass) at first
harvest (15 or 21 days after planting DAP; H1), 30
DAP (H2) and 45 DAP (H3). Means of two varieties
and two soils per crop are presented with standard
deviation.
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General soil effect
Biomass production was tentatively better in soil from
Pillanlelbún, but deviation between plant species was
great (Figure 6). When the two soils were compared
for frequency of AM infection, it was clear that infection increased from first to second harvest and remained constant thereafter. Variation between plants
was high (Figure 6). Root infection intensity developed over time exactly in the same way in both soils.
The infection intensity was lower than 5% until second
harvest, and increased to more than 15% at third harvest. Infected root biomasses increased over time, and
sharply from 30 to 45 DAP. The infected root biomass
was somewhat higher in the Pillanlelbún soil.

Figure 6. General main effect of soils (S1:
Pillanlelbún, S2: Cunco) on growth parameter and
mycorrhizal colonization parameters (frequency
of infection, infection intensity, and infected root
biomass) at first harvest (15 or 21 days after planting,
DAP; H1), 30 DAP (H2) and 45 DAP (H3). Means
of three cereal species and each two varieties are
presented with standard deviation.
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root or fungal biomass, or that AM fungi are simply
limited in production of more biomass during this

It has been well established in literature that the early

early plant growth stage under the given climatic con-

development of AM in plant roots follows a sigmoidal

ditions. A closer look at the variety level shows (Fig.

function with typically 3 phases: a lag, an exponential

2 – 4) that those varieties with more root production

and a plateau infection phase (Allen, 2001). We had

had in general also more infected root biomass. We

similar pattern when we used percentage intensity of

can assume that root biomass was correlated with root

AM root infection and infected root biomass but pla-

length and that through more intensive soil explora-

teau phase was not reached in the time of the experi-

tion more roots became infected by AM fungal propa-

ment. Frequency of root infection followed more the

gules which were evenly distributed in the homoge-

pattern of root biomass production which means an

nized soils. Sieverding (1991) found such correlations

increased frequency over time in the same way as root

with other plant species, like cassava. Thus, cereal

biomass increased.

genotypes with more roots can theoretically make

Considering the main effects of plant species and

more effective use of native mycorrhizal populations.

soil, it appears that shoots and root biomass of all

In this study we did not investigate the nutrient acqui-

species increased up to 30 DAP and remained then

sition of the cereal genotypes and further studies have

constant. In contrast, AM root infection intensity and

to clarify which amounts of nutrients are taken up by

infected root biomass was generally low until 30 days

AM fungal biomass and which proportion by the root

after sowing and then increased sharply until 45 DAP.

itself. Another aspect is also obvious from the results:

Hence it appears that the plant first invested in root

if we assume that more AM occupied root biomass is

biomass production before photosynthetic products

important for root health and root protection against

were used for AM fungal development and AM fun-

pathogens, then wheat roots are relatively more pro-

gal biomass in roots. Such relationships sound logical

tected than oats or barley roots, as wheat had the

from a physiological point of view and carbon and nu-

smallest non-infected to infected root biomass ratio.

trient sink-source relations have been described (Po-

Soil characteristics may affect plant development

dila and Douds, 2000), but this has not been shown in

and early AM development (Figure 6). Cunco soil had

such a way in earlier studies with wheat, barley and

higher available P than the soil from Pillanlelbún, and

oats, as far as we know.

this may be the reason why the total amount of AM

Overall, frequency of AM infection was higher in

infected root biomass was tentatively less in the Cun-

wheat plants than in barley and oats (Figure 5 at last

co soil. Such negative effects of higher available P

harvest), and the percentage intensity of root infection

contents in soils on AM development were clearly es-

suggested that oats was less infected than the other

tablished before (Ning and Cumming, 2001; Li et al.,

two cereals. However, the root biomass with mycor-

2006). However, from our results we cannot explain

rhizal structures was with 35-40 mg similar in all the

why oats reacted in biomass production different than

three cereal species while the total root fresh biomass

wheat and barley in the two soils (Figures 2, 3, 4). It

varied greatly between the cereal species from 90 to

is not clear yet whether the lower biomass production

280 mg per plant. This result could give reason to con-

of wheat and barley in Cunco than in Pillanlelbún soil

clude that either the cereal species genetically control

was a result of reduced or retarded AM development

the fluxes of photosynthates to generate either more

in the Cunco soil, but this should be investigated in fu-
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ture. It may be that the differential development of the

early cereal growth stages and further research needs

varieties was related to their genetic ability to produce

to show if it is beneficial for P uptake and root health

more shoot and root biomass shortly after germination

to accelerate and improve the early mycorrhizal in-

at the given climatic conditions, in these soils. It was

fection processes in cereals by means of agronomic

clear from the results that those varieties which had

inputs such as seed treatment with natural products or

higher shoot biomass, had also higher root biomass

with chemicals.

production. However, even though the root biomasses
differed between the varieties, the two varieties of
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the intensity of root infection. This is interesting as it
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could mean that under the test conditions, the suscep-
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tibility of the varieties to AM infection was similar,
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and that genetical differences between the varieties
did not influence the mycorrhizal infection process.
The subjects of susceptibility and compatibility of
AM fungi with plant varieties was and currently still
is a matter of great scientific interest (Boyetchko and
Tewari, 1995; Garg and Chandel, 2010). Succesptibility studies using molecular biological tools could be
of much interest to explain partly the early AM development process in cereals, in future.

5. Conclusions
Little information is available in literature about early
arbuscular mycorrhizal (AM) development in wheat,
barley and oats. It is also difficult to compare our results with those presented in literature (e.g. Rubio et
al., 1991) where slightly different AM parameters and
methods were applied to investigate AM. We conclude from the current study that both AM infection
intensity and root biomass development are important
parameters for studying the early AM development in
cereals. Plants invest photosynthesis products preferably in root biomass (up to 30 days after planting)
before AM biomass increases. Early development of
fungal biomass in roots may be primarily influenced
by root growth patterns in a given soil. As the aim of
this study was not to investigate P acquisition at the
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