
INTRODUCTION
Arbuscular mycorrhizal symbiosis originated in the early 
Devonian period, approximately 400 million years ago. 
Arbuscular mycorrhizal fungi (AMF) are obligate biotrophs 
that colonise the roots of their host plants and are unable to 
complete their life cycle without the carbon supply from their 
host (Bonfante & Genre 2010). In return, the fungi supply 
the plant with mineral nutrients, such as phosphorus and 
water so this mutualistic association is based on biotrophic 
exchanges between the plant and the fungi (Trouvelot et 
al. 2015). More than 80% of all land plant families have a 
symbiotic interaction with AMF, including grapevines. 

AMF are identified by the presence of tree-like branching 
hyphal structures (called arbuscules) found in the cortical 
cells of the host plant. Arbuscules form in root cells of the 
host then extraradical mycelia grow outside the roots 
to expand the zone in which water and nutrients can be 
acquired (Smith & Read 2008). Some AMF genera/species 
also produce vesicles that function as nutrient stores and as 
propagules (Goltapeh et al. 2008). These structures provide 
for a very intimate association between the mycorrhizal 
fungi living within the host plant’s root cells. Therefore, roots 
must be cleared of cellular contents, and the endophytic 
fungi stained prior to microscopic observation in order for 
the colonisation process and functionality of AMF symbiosis 
to be appropriately interpreted and understood. 

Staining not only produces reliable data on the level 
of root colonisation but also allows the presence of key 

AMF features (such as hyphae, vesicles and arbuscules) to 
be visualised (Brundrett 2004). It is important that root 
material is processed in such a way that the defining fungal 
features can be easily viewed to enable the examination of 
these morphological characteristics (Vierheilig et al. 2005). 
Light microscopy with bright field is the most common 
microscopic technique used when studying AMF structures 
in roots (Hulse 2018). Over the years, scientists have 
experimented with several different chemical stains and 
fixation methods, each having advantages and disadvantages 
for discriminating AMF from the plant root material. Some 
studies have used Sheaffer blue ink (Wilkes et al. 2019) or 
acid fuchsin (Diagne et al. 2011) for staining, however these 
stains proved not to be suitable for long term storage and 
fade with time (Vierheilig et al. 2005). Other studies have 
shown that both chlorazol black E and trypan blue provided 
good contrast from plant cells, but they are known animal 
(and possible human) carcinogens, which poses undesirable 
risks to research staff, and challenges for safe disposal of 
the waste materials (Grace & Stribley 1991; Kumar et al. 
2008). Trypan blue is commonly used for assessing yeast 
cell viability (Liesche et al. 2015) and for visualization of 
oomycetes (Nowicki et al. 2012) and fungi (Bhadauria et al. 
2010; Mulaosmanovic et al. 2020), including Glomeromycota 
(Kumar et al. 2008). These studies reported that trypan blue 
stained the cell walls of fungal cells but not of living plant 
cells. Despite its carcinogenity, trypan blue is one of the most 
widely used stains due to its effectiveness in enabling the 
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observation of mycorrhizal colonisation. Kobae & Ohtomo 
(2016) reported that 57% of relevant studies published in 
2014–2015 used trypan blue and therefore it was also used 
in the current study. The concentration of trypan blue has 
been reduced from 1% to 0.05% over recent years to limit 
its toxicity. Recently, Cottet et al. (2018) in their review 
of staining methods using trypan blue as a chemical stain 
suggested that optimisation of specific steps such fixation 
and clearing could affect the visibility of fungal structures 
in the roots.   

Various processes (known as ‘clearing’) have been used to 
remove the cytoplasmic contents of plants cells to improve 
subsequent staining using trypan blue. Potassium hydroxide 
(KOH) has been widely used as a root-clearing method with 
various concentrations, temperatures and periods of time 
employed for different plant species. For example, Kobae 
& Ohtomo (2016) boiled soybean roots in 10% (w/v) KOH 
for 15 min, and other variations are detailed by Cottet et al. 
(2018). Fungal structures contained within the root cells, 
can be deliberately damaged using a heat treatment to allow 
trypan blue to enter (Wilkes et al. 2019). Fine and fibrous 
roots (i.e. clover and plantain roots) are easily cleared for 
excellent microscopic visualisation of the fungal and plant 
tissue. However, grapevines are hard woody plants and have 
thick and pigmented roots, which are very difficult to stain. 
Darkly pigmented roots require the inclusion of additional 
steps such as the use of bleaching hydrogen peroxide to 
enable the visualisation of AMF structures (Kormanik & 
McGraw 1982; Schreiner & Mihara 2009; Hashem et al. 
2016; Padamsee et al. 2016; Vierheilig et al. 2005) and/or 
fixing by incubating roots in 50% ethanol (Kobae & Ohtomo 
2016) or other fixatives (e.g. FAA) to reduce the damage from 
heat treatment, allowing enhanced staining of intracellular 
fungal root components by trypan blue (Brundrett et al. 
1996; Brundrett 2008; Wilkes et al. 2019). 

The aim of this study was to assess a range of existing 
techniques to develop a reliable method specifically for 
fixing, clearing and staining darkly pigmented grapevine 
roots to enable visualisation of AMF structures in grapevine 
roots.

MATERIALS AND METHODS

Plant materials
AMF pot cultures were set up using grapevine (Vitis spp.) root 
samples collected from commercial vineyards. Grapevine 
root samples were collected from the vineyards in January-
February 2017, placed in plastic bags and transported to 
the laboratory in a chilly bin. The roots (0.5 to 1 g) were 
cut into 1-cm pieces and used to inoculate 1.5 L plastic pots 
containing 50% sterile silica sand, 40% pumice and 10% 
low-phosphorus potting mixture (peat moss, forest bark and 
fertilisers: osmocote 38-0-0, osmocote 0-0-32, horticultural 
lime, Micromax trace elements and hydraflo soil wetting 
agent). Each pot was sown with plantain (Plantago 
lanceolata) and white clover (Trifolium repens) seeds (0.1 g 
each; previously surface-sterilised using 70% v/v ethanol) 
along with a grapevine rootstock cutting. The plants were 
placed on mesh tables in a greenhouse to grow for 12 weeks 

during the summer of 2018 before being dried for 2 weeks 
prior to being used to assess the different protocols for 
fixing, clearing and staining of the roots for visualisation of 
mycorrhizal colonisation. Plantain and white clover were 
included as bait plants were used as positive controls for 
the staining treatments as they are considered easy to stain 
(https://invam.wvu.edu).

Fixing, clearing and staining of grapevine roots
Initially, attempts to visualise AMF colonisation in the 
grapevine roots collected from the vineyards was carried 
out using a modification of the method outlined by 
Brundrett (1996) for herbaceous plants, with outline of the 
method described later for AMF colonisation assessment 
of plantain and white clover (Table 1). However, due to the 
root pigmentation and background staining, observations of 
AMF structures were difficult to distinguish from plant cells. 

In autumn 2018, root samples from the grapevine 
plants from the pot cultures were randomly selected for 
each staining treatment. Twelve treatments based on the 
protocols of Koske & Gemma (1989) and Brundrett (1996) 
were evaluated (as shown in Table 1) to confirm mycorrhizal 
colonisation. The collected roots were washed using tap 
water to remove debris and a small portion (~4 cm) of the 
roots placed in a Universal bottle. 

Fixing
For those treatments that included a fixing step, roots were 
covered with 70% v/v ethanol  (~20 mL) as recommended 
by Fonseca et al. (2014) and Cottet et al. (2018) and left 
overnight at room temperature then decanted prior to 
clearing. 

Clearing
Potassium hydroxide: roots for all the treatments were 
immersed in 20 mL aqueous potassium hydroxide (KOH) 
solution (either 2% or 10% w/v) and autoclaved in a 
pressure cooker (15 min, 121°C; 15 p.s.i.). The KOH was 
then decanted.

Hydrogen peroxide: some treatments included a second 
clearing step where the roots were treated with 3% 
hydrogen peroxide (H2O2) for 30 min at room temperature, 
rinsed thoroughly with deionised water (dH2O).

All treatments were acidified in 2% (v/v) HCl (12M) for 
30 min.

Staining
All previously treated roots were stained using trypan 
blue (0.05% w/v dissolved in a solution of 5% lactic 
acid, 50% glycerol and 45% water). Half the treatments 
involved autoclaving for 15 min in a pressure cooker and 
the other half were left overnight at room temperature  
(Table 1). Following staining, the roots were de-stained 
using lactoglycerol (1:1:1 lactic acid: glycerol: water) for 
long-term storage at 4°C prior to microscopic observation. 

Fixing, clearing and staining of plantain and white clover 
The treatment used for plantain and white clover roots 
was a modification of the method outlined by Koske & 
Gemma (1989). Fixing involved storing 1-cm root pieces 
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in 70% ethanol overnight then clearing by immersing in 
boiling 2% KOH for 10 min. Roots were then acidified in  
2% (v/v) HCl for 15 min and then stained overnight in 
0.05% trypan blue solution as described above. Finally, the 
roots were de-stained in lactoglycerol and stored for 24 h 
before microscopic observation.

Microscopic observation
Root fragments (3-cm long) from each plant species were 
placed on a microscope slide with a drop of lactoglycerol 
24 h after de-staining. The roots were pressed gently onto 
the slide using a cover slip in order to flatten the roots to 
improve microscopic visualisation. The root fragments 
were then assessed by observing under a microscope (×400 
magnification; 10X ocular/40X) to determine the efficiency 
of the clearing and staining treatments and assessed for the 
presence of visible AMF structures (e.g. arbuscules, hyphae 
and vesicles). Observations were undertaken on triplicate 
samples.

Confirmation of method using vineyard sampled 
grapevine roots
The best method determined in the study was tested for 
effective staining of vineyard sourced grapevine roots.

RESULTS
Ten of the twelve methods tested resulted in stained 
grapevine roots that, when examined microscopically, 

demonstrated the presence of various structures typical 
of AMF such as aseptate hyphae, arbuscules and vesicles 
(Figure 1). The results from treatments 1 and 3 (using 
either 2% or 10% KOH followed by staining for 15 min in 
an autoclave) did not produce visible images so were not 
included in Figure 1. Staining overnight at room temperature 
caused the surrounding plant cells to be stained, and a 
range of different colours was observed which made it very 
difficult to distinguish between plant and fungal structures 
(Figure 1, treatments 2 and 4). Treatments 5–8 that involved 
an additional step using 3% H2O2 were not efficient in 
clearing the roots. The use of 2% KOH did not result in 
sufficient clearing of the pigmented grapevine roots with 
root tissue also staining blue, resulting in little contrast and 
creating a poor image for visualisation of AMF structures 
(Figure 1, treatments 5 and 6). The use of 10% KOH instead 
of 2% improved the root clearing (Figure 1, treatments  
7 and 8). However, fixing the roots in 75% ethanol overnight 
prior to the start of the clearing and staining process greatly 
improved the clearing of the plant cell background and the 
AMF structures were more apparent and distinguishable 
from the plant tissue (Figure 1, treatments 9–12). Overnight 
staining (Figure 1, treatments 6, 8, 10 and 12) provided 
better results than staining by autoclaving for 15 min  
(Figure 1, treatments 5, 7, 9 and 11). Clear staining was 
observed for clover and plantain using the standard 
published method. Dark septate endophytes (DSE) were 
observed in plantain roots (Figure 1a), but not in clover 
(Figure 1c) or grapevine roots. 
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Treatments Fixing Clearing Staining
70% Ethanol 
(overnight)

KOH 
(Autoclave; 15 min)1

H2O2 
(10 min)1

Autoclave 
(15 min)

Room temperature 
(overnight)

2% 10% 3% 

Koske & Gemma 1989 X X2 - - - X
Brundrett 1996 - - X 3 X -

1 - X - - X -
2 - X - - - X
3 - - X - X -
4 - - X - - X
5 - X - X X -
6 - X - X - X
7 - - X X X -
8 - - X X - X
9 X X - - X -

10 X X - - - X
11 X - X - X -
12 X - X - - X

1 except where other conditions are noted
2 Boiled for 10 min.
3 0.5% NH4OH and 0.5% H2O2 v/v in water for varying lengths of time.

Table 1 Details of the fixing, clearing and staining treatments used in the current study for grapevine roots and those in 
relevant references
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Figure 1 Typical colonisation of plant roots from trap cultures visualised under a compound microscope (400x). 
AMF colonisation in grapevine roots after clearing and staining using 10 out of 12 different treatments listed in Table 1. 
The number on each figure represents the number the treatment, as described in Table 1. (13) and (14) Vineyard sourced 
grapevine roots stained using method 12 from Table 1. A: arbuscules; AH: aseptate hyphae; V: vesicles (a) AMF and dark 
septate endophyte colonisation in plantain roots, DSE: dark septate endophyte, SH: septate hyphae; V: vesicles. (b) Septate 
hyphae in plantain roots. (c) AMF colonisation in white clover roots. A: arbuscules. The scale bar represents 100 µm.



The best method (treatment 12) was also shown to result 
in clear visualisation of AMF structures in vineyard sourced 
grapevine roots (Figure 1, 13 and 14).

DISCUSSION
The clearest assessment of AMF colonisation in grapevine 
roots was from roots fixed in 70% ethanol overnight followed 
by clearing the roots by autoclaving in 10% potassium 
hydroxide for 15 min followed by staining with trypan blue 
overnight at room temperature. This method will be used 
for analysing AMF colonisation in future glasshouse and 
vineyard experiments with grapevines. This method had also 
been recently tested and shown to be effective for staining 
AMF colonising apple roots (Merriam Toalak, pers. comm.). 
The standard method of Koske & Gemma (1989) was effective 
for observation of AMF colonisation of roots of herbaceous, 
fibrous plantain and white clover roots. As reported by 
Brundrett (2008), the process is strongly influenced by plant 
species and root thickness and different root types require 
different methods to enable the imaging of AMF features in 
the roots to be clearly seen. 

In this study, root clearing was carried out by autoclaving 
in presence of KOH (at two different concentrations) at 121°C 
(at 15 p.s.i.) since it has been reported to be faster and to 
provide a more consistent clearing of samples (Bevege 1968, 
Brundrett et al. 1984) than other methods such as incubation 
in hot water (80°C) or in an oven (60°C). It was also evident 
in the present work that treatment with 10% KOH at 121°C 
improved the clearing of the roots compared to the use of 2% 
KOH. This agreed with the observations of Brundrett (1984), 
Brundrett et al. (1996) and Oliveira et al. (2009). However, 
after staining in trypan blue, the AMF structures within the 
roots were not clear due to background staining, which was 
probably due to the presence of remaining plant cytoplasm 
and secondary metabolites (Vierheilig et al. 2005). Moreover, 
the trypan blue stain can bind to phenolic compounds such as 
melanins in plant cell walls as well as hyphal walls (Brundrett 
et al. 1984). AMF structures were clearer in roots when a 
3% hydrogen peroxide bleaching step was added following 
10% KOH. However, bleaching with hydrogen peroxide did 
not remove the remaining melanin in cleared grapevine 
roots, similar to reports by Oliveira et al. (2009). Higher 
concentrations of H2O2 may have increased transparency but 
were not tested in the current study, as it has been reported 
by Vierheilig et al. (2005) to cause the disintegration of fungal 
hyphae in the tissue. In order to clear the background from 
any phenolic-like materials, the roots were immersed in 70% 
ethanol overnight for fixation prior to the clearing process 
as this has been reported to cause a partial decolourisation 
that dehydrates the cells which allow a greater penetration 
of the KOH (Cottet et al. 2018). Incubating the roots in 
ethanol increased the subsequent penetration of the root 
tissue by potassium hydroxide and eliminated all unwanted 
background staining resulting in AMF structures being clearly 
visible to enable quantification. From the results of this study, 
staining the roots with a weak trypan blue solution (0.05%) 
overnight is recommended as it provided better results than 
staining by autoclaving in 0.05% solution while reducing 
toxicity. 

All roots from the three bait plants were efficiently 
colonised by AMF when assessed microscopically. Moreover, 
we found that most assessed plantain root samples were 
frequently colonised by DSE. This result suggested that 
plantain is a potential host plant for this endophyte. Since 
the seeds of both plantain and white clover were surface 
sterilised, the source of DSE is likely to be the rhizosphere 
soil associated with the grapevine roots as the roots used 
for inoculation were washed but not sterilised. The absence 
of DSE colonisation in grapevine and white clover roots 
might have been affected by the phylogenetic features of 
the host plant which play an important role in colonisation 
(Sivakumar 2013; Liu et al. 2017). Alternatively, the lack of 
DSE colonisation could be related to environmental stresses 
(Deram et al. 2011, Varma et al. 2017) which is likely in this 
study as plants were exposed to high temperature (above 
30°C) during the summer growing period which caused 
stress and death of some vines. The co-occurrence of AMF 
and DSE has been reported before in many plant roots and 
it was suggested that both endophytes provide similar 
ecological services such as heavy metal stress mitigation 
and improving plant fitness and physiology (Wang et al. 
2016; Gucwa-Przepióra et al. 2016; Likar & Regvar 2013). 
Whether DSEs are able to colonise grapevine roots under 
New Zealand vineyard conditions is unclear and warrant 
further study.

CONCLUSIONS
Arbuscular mycorrhizal fungi are beneficial fungi colonising 
most vascular plants. Imaging and assessing root tissues 
for visible AMF structures can be challenging when using 
dark pigmented roots of hard woody plants like grapevine. 
The inclusion of an initial fixative step involving the use of 
70% ethanol followed by clearing by autoclaving in 10% 
potassium hydroxide improved clearing of these roots 
prior to staining overnight in 0.05% trypan blue resulting 
in enhanced observations of AMF structures and improved 
visualisation capability without the use of toxic fixatives 
such as glacial acetic acid or formaldehyde. 
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