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The characterization of mycorrhizal status in hosts can be a good indicator
of symbiotic associations in inoculation experiments or in ecological research.
The most common microscopic-based observation methods, such as (i) the gridline
intersect method, (ii) the magnified intersections method and (iii) the five-class
system of Trouvelot were tested to find the most simple, easily executable, effective
and objective ones and their appropriate parameters for characterization of mycor-
rhizal status. In a pot experiment, white clover (7rifolium repens L.) host plant was
inoculated with Glomus intraradices (BEG144; syn. Rhizophagus intradices) in
pumice substrate to monitor the AMF colonization properties during host growth.
Eleven (seven classical and four new) colonization parameters were estimated by
three researchers in twelve sampling times during plant growth. Variations among
methods, observers, parallels, or individual plants were determined and analysed to
select the most appropriate parameters and sampling times for monitoring. The com-
parability of the parameters of the three methods was also tested. As a result of the
experiment classical parameters were selected for hyphal colonization: coloniza-
tion frequency in the first stage or colonization density in the later period, and arbus-
cular richness of roots. A new parameter was recommended to determine vesicule
and spore content of colonized roots at later stages of symbiosis.

Keywords: arbuscular mycorrhizal fungi (AMF), monitoring, root coloniza-
tion parameters

Introduction

Arbuscular mycorrhizal fungi (AMF) (phylum Glomeromycota), as the

most abundant and ancient symbiotic partners of about 80-90% of the higher
plants [1, 2], are essential components of different terrestrial ecosystems [3, 4].
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AM fungi are known to promote vitality and fitness of hosts by increased plant
mineral nutrition, especially P acquisition [5], enhanced water supply [6] and by
providing resistance to abiotic or biotic environmental stress conditions [7-10].

The mycorrhizal status of plant species in agricultural or natural ecosys-
tems could be a good assay for soil health and ecosystem stability. The presence
of AMF specific structures, such as arbuscules and vesicules in colonized roots
can indicate not only the symbiotic phase of fungal life cycle but also the host/
non-host discrimination [11]. Furthermore, the investigation of colonized root
segments in relation to root density of host plant could be a suitable test for esti-
mating the number of infective AMF propagules of indigenous fungi in soil.
In recent years much attention has been paid to large-scale production and to the
research of the applicability of AMF as bioprotectors or biofertilizators [12]
either in agricultural management, forestry and natural ecosystems. Quality con-
trol with continuous monitoring based on investigation of colonization proper-
ties must be part of a high quality inoculum production process [13].

Microscopic investigation of stained root samples is still the most popular
and simplest way to determine AMF colonization rate [14]. Numerous techniques
for clearing and vital or non-vital staining of AMF colonized roots have been
published. The major part of methods investigating AMF root colonization is
destructive and does not supply information about functional aspect of symbiotic
association [15, 16]. Current staining techniques and observation methods are as
follows: staining with tryphan blue [17], acid fuchsin [18, 19], chlorazol black
[20] or cotton blue [21] after clearing of the root sample in KOH, post-fixation
could be done in lactic acid. The methods for estimation of fungal colonization
are based on the detection of AMF-specific key structures in colonized roots
[19, 22-33].

The most commonly used estimation methods to determine the coloniza-
tion rate are the gridline intersect method [25], the magnified intersections
method [28] and the five-class system of Trouvelot et al. [33]. More than 150 arti-
cles were checked for methods that had been used for quantification of mycor-
rhizal status in host roots, 37%, 22% and 17% of the scientific works applied one
of the previous three methods, respectively. It is also worth considering that im-
plementation should be easy and the least-toxic chemicals should be used, when
we are going to find the most suitable method.

In our study we investigated how effectively and relevantly the well-known
and some new parameters describe the temporal changes of mycorrhizal status
during the life-cycle of Glomus intradices (BEG144; syn. Rhyzophagus intrara-
dices) using white clover host.
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Materials and Methods
Experimental design

A pot experiment was established to hold up to model the AM-symbiosis
and fungal life cycle. White clover (7rifolium repens L.) as test plant was grown
in pumice substrate (500 g per pot). Pumice is a rhiolite tuff with a vitroclastic
texture which has the following characteristics: PH 0, 6.63; humus content:
0.094%; AL-K,O: 259 mg kg''; AL-P,0,: 19.5 mg kg''; NH,-N: 3.16 mg kg'';
NO,-N: 1.16 mg kg'; KCI-Mg: 40.5 mg kg' and water storage capacity 90%.
Horticulture often uses it as growing substrate in hydrocultures.

Rhizophagus intraradices BEG 144 (Glomus intraradices, Schenck and
Smith) was used as inoculum, it is one of the most common AMF species in the
fungal communities of different ecosystems [34]. The AMF inoculum (2%) was
stratified in the rooting zone (in one layer). White clover was grown in a growth
chamber under controlled light and temperature conditions (temperature be-
tween 25 and 17 °C; 16/8 hours light (25,000 lux)/dark period). 150 ml of nutrient
solution was added to the plants once a week (phosphorus poor Hoagland solu-
tion; 0.2 mM KH,PO,).

Root samples

Root colonization was monitored weekly from the second week through
3 months (13 weeks):

(1) Three plants were removed from one pot, and three subsamples were
formed to check the variation from plant to plant by the Trouvelot method [33],
(one pot weekly).

(2) Three plants were removed from three pots each (replicates), and root
samples were collected for microscopic investigation with three methods: (i) the
gridline intersect method [25], (ii) the magnified intersections method [28] and
(iii) the five-class system of Trouvelot [33], and by three observers (3 pots weekly).

(3) Whole root system of one plant was observed in the first five weeks to
track the process of the early colonization (one plant weekly).

Classical and new parameters for AM status characterization

Root samples were cleared in KOH, stained in aniline-blue and fixed in
lactic acid. The classical parameters of these methods and some new parameters
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Figure 1. Schematic figure of root observation and parameter calculation, n: number of observed root
segments/crossings/intersections, n,: colonization positive root segments/crossings/intersections,
a,: arbusculum positive root intersections, v,: vesiculum positive root intersections, s,: spore positive
root segments/intersections, n, ;: number of root segments in the five classes of Trouvelot, M(1), M(2),
M(3): M values calculated with high (3), medium (2) and low (1) level classes of different fungal
structures (A: arbuscules, V: vesicules, AVS: arbuscules, vesicules and spores) in Trouvelot method

were tested during the experiment. All parameters are measured as a percentage
value representing the proportion of the root system, number of root pieces or
root crossings that were colonized: (1) the colonization rate (C) with the gridline
intersect method, (2) F (colonization frequency), (3) M (intensity of colonization),
(4) A (absolute arbuscule richness) according to the five-class system of Trouvelot
et al. [33]. The developed parameters were assessed according to the measure-
ment procedure of the original method. (5) SF (spore frequency), according to the
presence or absence of the spores in the root segment, (6) V (vesicule richness),
as described in case of arbuscular structures in the five-class system and (7) AVS
(AVS richness) to estimate the collective appearance of arbuscules, vesicules and
spore structures with the technique of the five-class system. The (8) AC (arbuscu-
lar colonization), the (9) VC (vesicular colonization) and (10) HC (hyphal coloni-
zation) were determined with the magnified intersections method. The (11) spore
colonization (SC) was also measured, as a new parameter with the same method.
These 11 colonization parameters were determined by three observers in 12
sampling time during the propagation process. Olympus B071 stereoscopic dis-
secting microscope (40—60x magnification) was used for the gridline method
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Table I. AMF colonization distribution in the first five weeks
in the white clover (Zrifolium repens L.) root system

Layers in the pot ~ Root ramification ~AMF colonization

above inoculums Colonization spreads over from the inoculum layer after

i the 3rd week
s

Fe

e

<

N

inoculums Light colonization for the 2nd week with 1-2 entry points,

heavy colonization from the 3rd week

under inoculums Spreading of colonization starts on the 3rd week,

no heavy colonization until the 4th—5th week

\\%%X&«X

bottom Colonization starts to spread from 1-2 entry point after

the 3rd week

and Olympus BX51 light microscope (100-200x) was used for the other two
methods.

Thirty root segments each about 1 cm long were removed from the sam-
ples and used for each method to eliminate the sampling error: first, these root
segments were spread out in a Petri dish and the gridline intersect method was
used to determine the C value. The root segments were mounted on microscope
slides and the magnified intersections method (HC, AC, VC, SC) and the Trou-
velot method (F, M, A, V, AVS, SF) was used to determine the colonization
parameters. The time spent to calculate each parameter was also measured to
determine the effort of these methods (Figure 1).

Data analysis

Percentage values of colonization data sets were analysed, mean value
(MV) and standard deviation (SD) of parallels and observers were calculated.

Results
Sampling

The variation derived from the sampling method was tested by parallel
plots, subsamples and also by repeating the root segment selection from the
stained sample. The staining and the observation of the total root system also give
information on the distribution and the spreading of the symbiotic connection in
the early colonization period which promotes the determination of the adequate
sampling time (Table I).
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Table 1. Mean value and standard deviation (SD)
of some possible error sources during sampling and observing at F%, M%, A% and V% parameters
calculated by the Trouvelot et al. [33] method on the 5" week

F M A \Y%

Mean value and standard mixed root segments of three  ean  76.67 61.61  51.68 36.74
deviation of parallels individual plants from three

different pots SD | 334 873 941 98l
Mean value and standard ~ estimation of the colonization  hean  80.00 66.31 5379  35.35
deviation of observers parameters from the same 30

root segments by 3 different D 333 312 616 1645

observers

Mean value and standard mixed root segments of three  0an 100.00 90.06 83.62  41.51

deviation of individual different individual plants

plants from the same pot SD 0.00 3.95 6.02 11.81
Mean value and standard three different selection of 30 1ean  86.55 78.46 66.88 48.12
deviation of root root segments from the same

segment selection stained root sample SD 875 11.53 873 5.40

Tables I and II show some of the possible sources of errors: (1) Uneven
distribution of AMF root colonization appears during the first weeks: high colo-
nization is shown in the inoculum layer, lower rate of colonization is found at the
top and the bottom region of the root, almost no colonization is detected at the
middle part of the root system, where ramification is lower, but root grows very
fast. (2) In the same pots the AMF root colonization can change from plant to
plant, even in similar microenvironment. Standard deviation of root coloniza-
tion measured in subsamples was found similar to the SD of parallel values.
(3) Standard deviation values in the table suggest that the sample selection from
the stained root preparation can be a serious source of error, as well. (4) Observer
subjectivity depends on the applied methods and parameters. However, the as-
sessment of the colonization values was much less dependent on the personality
of the observer than the recognition of some fungal structures that determines
other parameters.

Colonization rate

The colonization rate — percentage of roots colonized by arbuscular myc-
orrhizal fungi — is estimated by three parameters according to the three methods
(Figure 2a). The colonization percentage (C; M; HC) significantly increased
during the first four weeks. 70-80% of the root system was colonized by the
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Figure 2. Colonization rate and standard deviation of the root system estimated by three different
methods during the propagation process, a: mean values of three parallels and three observers,
b: standard deviation (SD) among the three observers during the 3 months
(C: according to the grid-intersect method HC: according to the magnified intersections method
M: according to the five-class system of Trouvelot,

F: colonization frequency according to the five-class system of Trouvelot)

4™ week, from the 4" week the colonization converged slowly to the maximum
value with a light fluctuation.

The average variation among methods (variation calculated each week
among the three parameters — C, M, HC) was 3.9. This low value indicates that
all methods, independently of the way they calculate the percentage of colonized
root segments, approximate the real value similarly well. The variation was also
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consistent, the Trouvelot method resulted always in a lower estimation, while
the other two methods gave nearly the same values every week. The difference
between the Trouvelot method and the two other methods became higher from
the 6" week, when the rate of fully colonized root segments exceeded 50%. The
5% class in Trouvelot method represented 95% colonization, which can result in
underestimation, in case of fully colonized (100%) root segments.

The time requirement of the methods and the observer’s dependency of the
parameters is shown in Table III. The higher variance in the gridline intersect
method was caused by the movement of the roots above the grid in the glycerine,
therefore the crossing was not the same for all observers. The magnified intersec-
tions method and the Trouvelot method use a fixed preparatum with fix crossing
sites, when observer’s dependency derives mainly from the researchers’ decision
about the AMF structures. The standard deviation of the different observers’
results is about two times higher in case of the Trouvelot method, but still the
maximum SD value measured on the 8" week is quite low (9.6%) (Figure 2b).
The cumulative duration of preparation and observation is very similar for all
methods.

Arbuscule richness

Arbuscule content of roots can be described by two parameters accord-
ing to the magnified intersections method (AC) and the Trouvelot method (A)
(Figure 3a). Arbuscule richness increased fast in the first four weeks of the prop-
agation process, as colonization spread out. From the 4" week until the 10" week
it decreased and there is a second peak at the 12" week.

The average variation between the two methods was 5.2. This is barely
higher than that of the estimated colonization rate (C; M; HC). Even the crude
estimation with three classes for arbusculum richness (A1l: low level; A2: moder-
ate level; A3: high level) at the Trouvelot method can approach the AC value quite
well. The consistent underestimation of arbuscule richness by the Trouvelot
method can be the result of the degraded arbuscules appearing from the 5" week
of the growth period.

The duration of the two methods is quite similar (Table III). The observer
dependency of AC was higher than A despite the more subjective evaluation
method of Trouvelot (Table I11, Figure 3b).
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Figure 3. Arbuscule richness and standard deviation of the root system estimated by two different
methods during the propagation process, a: mean values of three parallels and three observers,
b: standard deviation (SD) among the three observers during the 3 months (AC: according
to the magnified intersections method A: according to the five-class system of Trouvelot,
AVS: arbusculum, vesiculum and spore content according to the five-class system of Trouvelot)

Vesicule richness

Two parameters calculated according to the magnified intersections meth-
od (VC) and Trouvelot method (V) are shown in Figure 4a. Vesicular coloniza-
tion, similarly to arbuscule content, increased until the 4"-5" weeks, but its
maximal value is between 30—40%, that is lower than arbuscule richness.

The average variation between the two methods was 2.9. Even the high
variances of parallels and observers (Table III), the two parameters do not really
differ, and also there is no systematic difference between the two methods. The
observer dependency of VC was higher than V, likewise it was detected in case of
comparing A and AC parameters (Table III, Figure 4d).

Spore richness
Two parameters tested according to the magnified intersections method

(SC) and Trouvelot method (SF) are shown on Figure 4b. Spore frequency (SF) is
just a crude estimation according to the rate of root segments that contains spore
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of Trouvelot, SC: according to the magnified intersections method,

SF: according to the five-class system of Trouvelot, AVS: arbusculum, vesiculum
and spore content according to the five-class system of Trouvelot)
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structure. Spore colonization (SC) represents the rate of root intersections con-
taining spores, expressed in the percentage of the total length.

Both parameters show that spore content reaches its maximal value by the
10™-12" weeks. The observer dependency of SC and SF are very high during
some weeks (Figure 4d), until their amount is low and the presence of spores is
not clear in the co-occurrence of vesicles and spores.

Richness of AMF specific structures (AVS)

AVS is a fast assessment for any fungal structure, except hyphae. Similarly
to arbuscule richness (A), two peaks were found during the three months experi-
mental period, a first one in the 4" and a second one in the 12" week (Figure 4c¢).
The first peak had a value similar to arbuscule richness (A), the second one was
higher.

The observer dependency of AVS value is high (Table III, Figure 4d), one
of the highest among parameters, even though there are no difficulties to sepa-
rate different fungal structures.

Discussion

Similar to samples of most biological features, standard deviation of paral-
lels can be high in case of AM fungi colonization, too [35]. The sources of the
variance could arise either from the sampling process, the sample analysis or the
estimation by the observer. In the present experiment, the registered standard
deviation (SD) of colonization data is generally not too much; it is usually below
10% in case of parameters scaled from 0 to 100 percent. There are some sensitive
periods during the development of the symbiotic process, when these SD values
are above 10, the SD of parallels can even reach 20, and the SD of observers can
even increase to 30.

Numerous publications provide guidelines for destructive sampling pro-
cesses of different parts of plants, including the sampling of root systems [36, 37].
However, the majority of manuscripts concentrate only on the methodological
approaches of field sampling or on the experimental design of pot allocation. The
experiment with parallel samples in one pot can emphasize the importance of
sampling method: a root sample containing roots of several plants results a better
estimation of colonization values, because there are differences among the roots
of the individual plants even growing in the same/very similar microenviron-
ment. Each clover plant has a unique genetic background, which can affect the
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colonization rate [38, 39]. Root samples should also be collected randomly — sam-
ples from the same root system can show surprisingly high variance [40]. In case
of a propagation experiment errors can arise due to the uneven distribution of
the inoculum (Table I). Root selection from stained root samples is an important
and underestimated source of error. The observer may unintentionally select
thinner, longer or darker blue/more saturated root segments, generating a consist-
ent error. It is important to choose a minimal 30 pieces of root segments for
observation as randomly as possible. However, Rajapakse and Miller [41] recom-
mended that larger roots should be collected separately previous to clearing and
staining. To avoid an underestimation of mycorrhizal status, the way of AMF
infection and colonization spreading requires fine roots (<0.5-2.0 mm in diame-
ter of feeder roots) to be represented sufficiently in the sample. The nuances of the
sampling technique depend strongly on the root morphology and architecture of
the host plant.

Variation among parallels is the highest in the 3" and 4™ week of propaga-
tion, when colonization is not spread in the whole root system. There are also
some sensitive periods, when observation is more difficult and observer depend-
ent: (1) the judgment/recognition of degraded arbuscules vary from observer to
observer, even at the magnified intersections method, which is thought to be
more objective, (2) spores, especially when there are only a few, can easily be
counted as vesicle at a fast assessment, (3) different fungal structures can overlap
one another, the assessment of the arbuscules is really difficult in the second
part of the propagation process.

Selection of the best parameters and optimization of sampling time can
maximize the reliability and effectiveness of monitoring and quality control.
All tested methods seem to be appropriate for monitoring. The disadvantage of
the gridline intersect method that it investigates no fungal structures but the pres-
ence of the fungus [42]. It is not recommended to use this method on progressed
or final stages of an experiment, when distinction of arbuscules, vesicules and
spores can be important. The other two methods look similarly reliable and do
not require more effort.

An early check is reasonable during the 2" or 3 week. The colonization is
quite low at this time, but a fast assessment, e. g. checking only F%, can confirm
that symbiosis exists or hyphal colonization has started. During the 4"-5" week
the colonization rate should raise above 50%, arbuscule richness should have a
peak value. Observations are still not disturbed by the overlapping fungal struc-
tures in this stage. At this time it is highly recommended to check the coloniza-
tion and the state of arbuscules with intensity of colonization (M) or hyphal colo-
nization (HC) and arbuscule richness (A) or arbuscular colonization (AC).
Arbuscules inside fine roots are the most important symbiotic structures of the
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fungi, which provides the interface for nutrient transportation between the plant
and fungi [43, 44]. Arbuscule content of roots indicates the stages and the func-
tional status of the symbiosis excellently. In the early stages of the symbiosis,
high arbuscule richness suggests intense vesicule formation and spore produc-
tion.

Further sampling and monitoring is recommended at least every fourth
week. Beside the summa colonization (M or HC), these samplings and checks
should focus on the AMF propagules: vesicules (V or VC) and spores (SC, SF).
Vesicules are the storage structures of AM fungi with high lipid content that can
also function as infective propagulum. The spore is one of the most important
reproductive structure which usually appears from the 374—4" week [45]. Depend-
ing on the AMF species, the size of the spores varies between 20 and 180 pm
[46]. As spores are usually born with thick wall, separation of small spores from
vesicules can be difficult in case of mycorrhiza species that forms spores inside
the root, such as Rhizophagus (Glomus) intraradices. The AVS value was tested
for avoiding both this error and the problem caused by overlapping fungal struc-
tures. The AVS parameter did not come up to our expectations, it was not more
reliable than the parameters that estimates fungal structures separately (A, AC,
V, VC, SC). AVS is strongly observer dependent, standard deviation among ob-
servers can even reach 15-20% in case of percentage scaled values (Figure 4d).
This kind of observer dependency can arise because it is difficult to distinguish
the arbuscules exactly among the other structures. The appearance of arbuscular
structures are not so peculiar, as the spores and vesicules and can be underesti-
mated. Perhaps another combination of parameters concerning vesicles and
spores (VS) could avoid these errors and would be suitable for monitoring later
stages.

Of course, these recommendations for parameters and time schedule de-
pend on the host plant, the fungus species, the conditions and the aim of the
experiment or monitoring the experiment, too. Some mycorrhizal fungi form in-
traradical spores others do not. The AMF can be Arum-, Paris- or mixed-type
depending on the selection of the symbiotic partners [47]. Paris-type mycorrhiza
forms coils in the plant roots, which can be an extra parameter in this case [48].
Arbuscule and coil richness indicates the intensity of the metabolism and the
functionality of the symbiosis.

In the future the development of methods for colonization measurements
should turn to the parameters of mycorrhizal status that are closely related to
symbiotic functionality. Techniques based on the detection of AMF structures
—1.e. the Giovannetti and Mosse or the McGonigle method — could be improved
with the classification of the structures identified. Altough the method of Trou-
velot is subjective due to its design, it can be supplemented with the assessment
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of the spore and vesicule richness or with classification as Paris-, Arum- or
mixed-type by detecting coils and arbuscules.

The infectivity of indigenous AMF in soils or an inoculum containing

root segments can be predicted by the colonization rate of the host. By our inves-
tigations, it was the Trouvelot (root scanning) method of all the original and im-
proved procedures that provided the most detailed information. Its results seem
to be nearly independent on the personality of the observer except the period of
arbuscule degradation and intraradical spore development. Nevertheless, the
routine examination should be based on simple decisions about the presence of
different AMF structures.
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