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Abstract

The aim of the experimental work was to optimize the previously used Phillips and Hayman (1970)
method of staining roots for microscopic assessment of mycorrhizal frequency in the root material.
The materials used in the experiment were the roots of strawberry plants of the cultivar “Elsanta”

obtained in a greenhouse experiment in May 2012. Morphological features of the roots were as-

sessed using a root scanner, and then attempts were made to stain the roots in four types of dyes:

0.01% methylene blue, 0.01% acridine orange, 0.01% malachite green, and 0.01% carbol fuchsin.

A comparative microscopic assessment was made of the effects of staining with the four types of

dyes the structures of mycorrhizal fungi formed in strawberry roots. Mycorrhizal frequency (F%)

in the stained root samples was also compared. Next, the usefulness of these dyes for staining the

roots of other fruit plant species, such as apple, sweet cherry, blackcurrant and sour cherry, was

evaluated. It was concluded that the staining of roots at a temperature of up to 65°C did not cause

tissue breakdown, and that the clearing time used—20 to 30 minutes, and the use of carbol fuchsin

were found to be the most effective combinations in achieving good quality microscopic images.

During microscopic examinations, a satisfactory contrast was noted between root tissues and the

structures of mycorrhizal fungi. The use of carbol fuchsin for staining roots also helped to ex-

pose a greater number of fungal structures and obtain higher values of mycorrhizal frequency in the

roots of strawberries, blackcurrants, sour cherries, sweet cherries and apples, in comparison with

other dyes tested. The newly developed method of staining roots with carbol fuchsin, compared

with the method used previously (Phillips and Hayman, 1970), is both less time consuming and

less labour intensive.
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1. Introduction

Mycorrhizal fungi play an important role in the succession and preservation of plant communities [1] [2]. The
roots of higher plants are most often found to be living in symbiosis with arbuscular mycorrhizal fungi (AMF)
[3]. The presence of these fungi in the soil can be an important element of sustainable agriculture [4]. Worldwide
research shows that intensive soil cultivation reduces the diversity of mycorrhizal fungi in the soil [5]. Devel-
opment and application of proper soil cultivation methods favour the development of soil microorganisms, in-
cluding mycorrhizal fungi, which positively influence the growth and development of plants [4] [6] [7]. AM
fungi can regulate water uptake from the soil or provide defence against pathogenic microbes and pests [8]. In
the roots of plants, arbuscular mycorrhizal fungi can be seen in the form of mycelial hyphae, microscopic sacs
called vesicles, and branched structures called arbuscules [9]. The arbuscules situated in the cells of roots are a
place for the plant and fungus to exchange nutrients [8]. In order to learn the mechanisms and effects of the
plant-fungus-rhizosphere interdependence for plant growth and development, it is important to correctly quan-
tify the arbuscular mycorrhizal fungi colonizing root systems [ 10]. Non-destructive methods of visualizing AM
fungi in roots have been developed, which are based on examinations of living roots with a conventional light
microscope [11]. However, identification of the structures of mycorrhizal fungi and determination of mycorrhi-
zal frequency using this technique are not very accurate because they are only based on the analysis of the thin-
nest, transparent roots with a small number of tissue layers [ 11]. Methods based on electron microscopy are very
accurate, but in testing a large number of root samples, the possibility of employing such methods is limited by
both the lack of widespread availability of this type of microscopes and the lengthy process of preparing the
materials for mycorrhizal frequency analyses in laboratory conditions [11]. Methods for the visualization of
mycorrhizal fungi in roots that have been developed as rapid tests with optimal staining of the material ensure
the correctness of the microscopic assessment of the degree of colonization of roots by visualizing the structures
present in the roots, such as arbuscules, vesicles, the mycelium and spores [12]. The staining method developed
by Phillips and Hayman [13] has been modified by many authors [11] [14]-[17]. The method recommends
staining with trypan blue and thermal maceration (90°C) using 10% hydrochloric acid. It is a lengthy procedure
(4 - 5 days), and when used, destruction of root cells can often be seen in microscopic images.

The aim of this study was to evaluate the usefulness of different dyes for staining roots in order to be able to
assess mycorrhizal frequency more accurately and to better visualize the mycorrhizal structures in the roots of
fruit plants.

2. Materials and Methods

Strawberry frigo plants of the cultivar “Elsanta” were planted in February 2012 in the Greenhouse Complex of
the Research Institute of Horticulture in Skierniewice. The plants were planted in two-litre rhizoboxes, two per
box. In May 2012, when the experiment was completed, four samples (50 g each) of the root system were col-
lected from the control combination for a laboratory assessment of root growth characteristics. Then, on the ba-
sis of the results, in order to improve the method of staining, roots were selected with the best parameters, i.e.
the largest root surface area and volume, and the largest number of root tips (Table 1).

2.1. Determination of Root Growth Characteristics

The root system obtained from the rhizoboxes was placed in a sieve and separated from soil particles by gently
washing them off with a stream of water. After drying the roots on filter paper, they were scanned with an
EPSON EXPRESSION 10000 XL root scanner. Root growth characteristics were determined using WinRhizo
software [ 18] to measure: root length, root surface area, root diameter, root volume, and the number of root tips.
Based on the results, roots from sample No. 1 were selected for further analyses because they had significantly
higher root growth parameters compared with those of samples No. 2, 3 and 4 (Table 1).

2.2. Staining Method Used Previously

Staining of roots according to the previously used method of Phillips and Hayman [13] (as per [19]) lasted four
days and was performed in the following stages:
1) Maceration and clearing of tissues with 10% potassium hydroxide (KOH)—24 h;

2) Elution of KOH with water—30 min;
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Table 1. Growth characteristics of the roots of strawberry plants in four 50 g samples.

Sample No./root growth Root length Root surface area Root diameter Root volume Number of root tips
characteristics (cm/50 g) (cm?/50 g) (mm/50 g) (cm*/50 g) (per 50 g)
1 302.4d 169.8 ¢ 249b 8.14¢ 946 d
2 161.8a 93.5a 1.28 a 333a 363 a
3 210.6 ¢ 132.3ab 1.84 ab 522b 718 ¢
4 199.1 ab 115.7 ab 1.62 ab 4.72 ab 412b

Means in columns marked with the same letter do not differ at p = 0.05 according to Tukey’s multiple test.

3) Acidification with 5% lactic acid—24 h;

4) Staining in 0.01% aniline blue—24 h;

5) Washing with water to remove excess dye—30 min;
6) Preservation and storage of roots in 80% lactic acid.

3. Results

3.1. Modification of the Staining Method to Shorten the Duration of Staining and Reduce
Analysis Costs

The improvement of the method consisted in the shortening of the duration of the staining of roots while pre-
paring specimens for microscopic assessment of mycorrhizal frequency in the roots of fruit plants.

The following solutions were used to modify the staining method:

1) 10% sodium hydroxide;

2) 10% lactic acid;

3) Dyes: 0.01% methylene blue, 0.01% Acridine Orange, 0.01% malachite green and 0.01% carbol fuchsin.

To clear root tissues, a sodium hydroxide solution was used, which was poured over the roots; afterwards the
roots were placed in a water bath for 20 - 30 minutes at 65°C. The use of a temperature higher than 80°C in this
method resulted in severe destruction of tissues of the smallest strawberry roots. Next, the roots were washed
under running tap water, dried and submerged in lactic acid for 10 minutes to bring the pH of the roots close to
neutral (pH). After that, the sample of roots was washed with distilled water and divided into four parts, with
each having a different dye added to it. The effects of staining with the different dyes on the visualization of the
structures of mycorrhizal fungi in the roots were assessed several times with a microscope. When choosing the
dyes, consideration was given to the speed of penetration of the dye into the tissues of roots and the most suit-
able intensity of the colouration of mycorrhizal structures of different sizes and in different locations within the
root tissues. The material thus prepared was used to make histological microscopic specimens by selecting 30
root fragments, each approx. 1 cm long. The root fragments were placed in glycerol, arranged parallel to one an-
other, on a microscopic glass slide and then crushed with a coverslip. The specimens with the root fragments
were examined using a Nikon 501 microscope (with 20x, 40%, 60x and 100x objectives). The quality of the mi-
croscopic images was assessed, taking mainly into account the possibility of an accurate and rapid assessment of
roots in terms of the identification, number, size, and location of the stained mycorrhizal structures. Photo-
graphic records (Photos 1-12) of the microscopic images of the structures of mycorrhizal fungi in the roots of
fruit plants were produced. Comparisons of the degree of colonization of the roots by arbuscular mycorrhizal
fungi were made according to the method by Trouvelot [20]. The results were used to calculate mycorrhizal fre-
quency (F%) by means of a computer program called MYCOCALC, available from the website:
http://www2.dijon.inra.fr/mychintec/Mycocalc-prg/download.html (Table 2). The results for mycorrhizal fre-
quency were compared with the data obtained using the previously used method of Phillips and Hayman [13],
described above.

3.2. Assessment of the Usefulness of the Modified Method for Staining the Roots of Apples,
Sweet Cherries, Blackcurrants, and Sour Cherries

On the basis of the quality of microscopic images of the structures of mycorrhizal fungi, which constituted the
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Table 2. Effect of the dyes used for staining roots on the values of mycorrhizal frequency (F%) in the roots of fruit plants.

Type of dye/fruit plant species Aniline blue Methylene blue Acridine orange Malachite green Carbol fuchsin
strawberry 20.0a 20.0a 33.33 be 23.33 ab 38.89¢
apple 2822 ¢ 23.33 be 1222 a 20.0 ab 36.67d
sweet cherry 23.56 ¢ 16.67 b 13.33a 13.33a 28.89d
blackcurrant 2022 ¢ 1333 b 333a 11.11b 26.67d
sour cherry 21.11¢ 13.33 ab 11.11a 12.22 ab 34.44d

Means in columns marked with the same letter do not differ at p = 0.05 according to Tukey’s multiple test. Results compared separately for each spe-
cies.

Photo 1. Barely visible vesicles in the roots of “Elsanta” straw-
berry plants stained with acridine orange.

Photo 2. Barely visible vesicles in the roots of “Elsanta” straw-
berry plants stained with methylene blue.

results of the histological analyses of roots (Photos 1-4), carbol fuchsin was found to be the most effective dye,
and thus useful for the visualization of mycorrhizal structures in the roots of fruit plants. Using this dye, it was
possible to obtain not only the most pronounced staining of root tissues of various species of fruit plants but also
the best and most accurate visualization of the structures of mycorrhizal fungi in the roots of these plants. Com-
parison of the microscopic images of root tissues of strawberry, apple, sweet cherry, blackcurrant, and sour
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Photo 3. Highly visible and distinctly shaped vesicles in the
roots of “Elsanta” strawberry plants stained with carbol fuchsin.

Photo 4. A hardly visible vesicle in the roots of “Elsanta”
strawberry plants stained with green malachite.

cherry stained according to the Phillips and Hayman [13] method with the images of root tissues stained with
carbol fuchsin made it possible to nominate this dye as the best for microscopic assessment of mycorrhizal fre-
quency and visualization of the structures of mycorrhizal fungi in the roots of fruit plants.

3.3. The New Method of Preparing and Staining Roots

Steps of the method:

1) Maceration and clearing of root tissues with 10% sodium hydroxide (NaOH) at 65°C—30 min;

2) Washing out roots from NaOH solution with water—5 min;

3) Acidification of roots with 10% lactic acid—10 min;

4) Washing out roots from lactic acid with distilled water—S5 min;

5) Staining roots with carbol fuchsin—10 min;

6) Rinsing roots with water to remove excess dye—10 min;

7) Preservation and storage of roots in glycerol.

Root samples prepared in this way were analyzed using a Nikon 50i microscope (with 20x, 40x, 60x and
100% objectives). Assessment of the degree of root colonization by AM fungi was performed according to the
method by Trouvelot [20], and on the basis of these results mycorrhizal frequency (F%) was calculated using a
computer program named MYCOCALC, available on the website:
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http://www2.dijon.inra.fr/mychintec/Mycocalc-prg/download.html (Table 2). The photographic records of the
mycorrhizal structures observed in the roots stained with carbol fuchsin were compared with the images of the
structures obtained from microscopic examinations according to the Phillips and Hayman [13] method. On the
basis of the assessment of the quality of the images of microscopic mycorrhizal structures it was found that of all
the dyes tested, staining roots with carbol fuchsin resulted in a significant increase in mycorrhizal frequency in
the roots of strawberry, apple, sweet cherry, blackcurrant, and sour cherry (Table 2).

3.4. Statistical Analysis

The results were statistically analyzed using univariate analysis of variance in the system of random blocks.
Multiple comparisons of the means for the combinations were performed with Tukey’s test at a significance
level of a = 0.05 using STATISTICA v.10 software package [StatSoft, Inc., 2011].

4. Discussion

Data from world literature indicate that many authors have attempted to modify the staining method developed
by Phillips and Hayman in 1970 [13]. The dyes used for staining roots have also been evaluated in terms of their
toxicity and effects on human health [16]. However, most of the modified methods still rely on the use of high
temperatures (80°C - 121°C), or involve a several-hour process of staining roots.

By using carbol fuchsin for staining roots, the duration of staining was shortened to one hour and ten minutes,
compared with four days required by the previously used method. The applied temperature of 65°C did not im-
pair the structure of the stained roots, nor the quality of the microscopic specimens. The results for mycorrhizal
frequency in the roots of strawberry, apple, sweet cherry, blackcurrant, and sour cherry indicate greater accuracy
and greater usefulness of the newly developed method of staining roots, compared with the results obtained us-
ing the method developed by Phillips and Hayman [ 13]. The highest mycorrhizal frequency was recorded in the
roots of fruit plants stained with carbol fuchsin, and significantly lower in the roots stained with aniline blue as
standard and the other dyes (Table 2). Staining roots with methylene blue, acridine orange, or green malachite
resulted in significantly lower values of mycorrhizal frequency than under the influence of carbol fuchsin and in
inferior visualization of the mycorrhizal structures in the roots of fruit plants (Photos 1-4). Staining roots with
carbol fuchsin resulted in the best and clearest visualization of mycorrhizal structures (Photo 3). The mycorrhizal
structures were highly visible and their contrasting outline against a background of root tissues made it easier to
identify them and thus helped to make a more accurate assessment of mycorrhizal frequency. The use of carbol
fuchsin for staining plant roots also made it possible to reduce analysis time and cost. It should be emphasized
that storage of root specimens stained with carbol fuchsin, even for a period of four months at room temperature,
did not impair the quality of microscopic images. For these reasons, carbol fuchsin was nominated as the best
dye for staining roots to assess mycorrhizal frequency in the roots of strawberry, apple, sweet cherry, blackcur-
rant, and sour cherry plants. Very good visualization of mycorrhizal structures in the root specimens prepared
using the newly developed method made it possible to produce very good photographic records (Photos 5-12).
The results of the assessment were more accurate: by 94.5% in strawberry, 63.2% in sour cherry, 31.9% in
blackcurrant, 29.9% in apple, and 22.6% in sweet cherry (Table 3). Already more than half a century ago, Car-
michael [21] used acid fuchsin to stain roots, using in the process a low-temperature range (47°C - 68°C). How-
ever, the staining process lasted several hours (about 6 h) and the material obtained for microscopic analyses was
not always of high quality (high percentage of poorly stained roots). Phillips and Hayman [13] developed a
staining process based on trypan blue, which lasted from 3 days (hot staining at 90°C) to 4 - 5 days (cold staining).
Hot staining had a destructive effect on root tissues as a result of using a high temperature (90°C). Brundrett ef al.
[14] conducted research on the modification of the method of staining roots developed by Phillips and Hayman
[13] by comparing dyes such as trypan blue, aniline blue, acid fuchsin and chlorazol black, and using staining
temperatures from 90°C to 120°C. They found that the best results were obtained by staining roots with trypan
blue, as the roots stained with acid fuchsin were characterized by a low intensity of colouring of root tissues and
mycorrhizal structures, and the dye itself quickly faded. Different results were obtained by the authors of this
study. Among the dyes used, the best results were achieved by staining roots with carbol fuchsin; visualization
of mycorrhizal structures was most favourable for assessing mycorrhizal frequency. The roots were the most in-
tensely stained and the dye remained in the root tissues for four months after the preparation of microscopic
specimens. McGonigle et al. [22] developed a method based on counting various mycorrhizal structures present
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Table 3. Comparison of mycorrhizal frequency in the roots of fruit plants

stained with aniline blue and carbol fuchsin (%).

Fruit plant species Aniline blue
strawberry 100 % a
apple 100 % a
sweet cherry 100 % a
blackcurrant 100 % a

Carbol fuchsin
194.5%b
1299 %b
122.6%b
131.9%b

Means in columns marked with the same letter do not differ at p =

multiple test. Results compared separately for each species.

0.05 according to Tukey’s

Photo 5. Vesicles in the roots of “Gold Milenium” apple trees

stained with aniline blue.

Photo 6. Vesicles in the roots of “Gold Milenium” apple trees

stained with carbol fuchsin.

in roots using a stereoscopic microscope. They used Chlorazol Black E for staining, and the roots were treated at
121°C. They obtained satisfactory results of microscopic analyses of the stained mycorrhizal structures, but only
the thinnest roots were suitable for microscopic examinations because the magnifications used did not allow ac-
curate examinations of thicker roots. It should be emphasized that microscopic examinations require the person
performing the analysis to have a lot of experience in identifying structures of mycorrhizal fungi, with particular
regard to the knowledge of the structure and function of the tissues of the roots of different plant species. This
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Photo 7. Vesicles in the roots of “Vanda” sweet cherry trees
stained with aniline blue.

Photo 8. Vesicles in the roots of “Vanda” sweet cherry trees
stained with carbol fuchsin.

Photo 9. Vesicles in the roots of “Tiben” blackcurrant shrubs
stained with aniline blue.
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Photo 10. Vesicles in the roots of “Tiben” blackcurrant shrubs
stained with carbol fuchsin.

Photo 11. Vesicles in the roots of “Sabina” sour cherry trees
stained with aniline blue.

Photo 12. Vesicles in the roots of “Sabina” sour cherry trees
stained with carbon fuchsin.
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knowledge enables a precise analysis and helps to eliminate from the assessment other species of fungi that can
colonize the roots and are visible in the microscopic images of mycorrhizal structures. Vierheilig et al. [16] pro-
posed to stain roots with five colours of ink; to destain the roots, they used a solution of acetic acid. Their stain-
ing procedure involved the use of very high temperatures of up to about 100°C. They found that the best results
could be obtained by staining with a black ink and acetic acid. Mycorrhizal structures were clearly visible after
the staining process as well as after six weeks of storing the specimens in tap water. Dalpé and Séguin [10]
studied the effect of treating roots with microwaves on the duration of the staining process and its quality, and
the preservation of the integrity of DNA for further molecular analyses. They subjected roots treated with trypan
blue, aniline blue and acid fuchsin to a short exposure to microwaves (30 seconds - 1.5 minutes). They found
that trypan blue and acid fuchsin produced the most favourable effects on the visualization of structures in the
roots. Results of many authors indicate a destructive effect on roots of the high temperatures used during the
staining of the roots of fruit plants, especially those of strawberry. In the experiments by the authors of this paper,
root tissues already disintegrated upon treatment for a few minutes at a temperature above 80°C. The use of a
lower temperature (65°C) and a shorter time for it to act on the roots (30 min.) was favourable to the visualiza-
tion of mycorrhizal structures and greatly facilitated the assessment of the degree of mycorrhizal association in
the roots. The shortening of the staining time to one hour and ten minutes, compared with other staining meth-
ods (6 h—Carmichael [21], and 4 - 5 days—Phillips and Hayman [ 13]), will allow a larger number of samples to
be prepared in a shorter period of time, which in turn will reduce the storage time of the material for analyses
and significantly increase the likelihood of confirmation of the presence and identification of the structures of
mycorrhizal fungi in the roots of plants.

The results of this study indicate that the newly developed method for staining roots using carbol fuchsin can
be useful for staining the roots of fruit plants for microscopic assessment of the colonization of roots by my-
corrhizal fungi. For a large number of collected root samples, the use of the new method of staining roots allows
shortening of the duration of analysis and storage of the material before microscopic assessment. During the
growing season, when assessing a large number of root samples from plants growing in greenhouse and field
experiments, the new method allows a rapid and more accurate assessment of mycorrhizal frequency and better
visualization of mycorrhizal structures in the roots of plants. The main advantages of the method developed by
the authors of this study are a significant increase in the ability to accurately determine mycorrhizal frequency in
the roots of fruit plants and a significant saving of time and effort.

5. Conclusions

1) The newly developed method for staining roots using carbol fuchsin increased the likelihood of correctly
identifying the structures of mycorrhizal fungi in the roots of the fruit plant species studied;

2) Compared with the standard method, the new method of staining roots increased the values of mycorrhizal
frequency in the roots of strawberries, apples, sweet cherries, blackcurrants, and sour cherry plants;

3) The new method of staining roots using carbol fuchsin allows a greater number of samples to be prepared
in a shorter period of time, without the need for long-term storage, which increases the economic efficiency of
the analyses performed.

This publication is part of the project “Development of Innovative Products and Technologies for Organic
Cultivation of Fruit Plants” with an acronym EkoTechProdukt, co-financed by the European Regional Devel-
opment Fund, Innovative Economy Operational Programme 2007-2013, Sub-Measure 1.3.1 OP IE.
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