
DIESEL FUEL DIFFERENTIALLY
AFFECTS HYPHAL HEALING IN
GIGASPORA SP. AND RHIZOPHAGUS
IRREGULARIS

Monica Cristina Garces Ruiz, Maryline
Calonne‐Salmon, Vincent Bremhorst,
Stephan Declerck

REPRINT | 2021 / 02



SMCS
Voie du Roman Pays 20, L1.04.01 B-1348 Louvain-la-Neuve

Tel (32 10) 47 94 07

Email: smcs-stat@uclouvain.be

https://sites.uclouvain.be/training/smcs/



Vol.:(0123456789)1 3

https://doi.org/10.1007/s00572-021-01026-5

SHORT NOTE

Diesel fuel differentially affects hyphal healing in Gigaspora sp. 
and Rhizophagus irregularis

Mónica Garcés‑Ruiz1 · Maryline Calonne‑Salmon1 · Vincent Bremhorst2 · Stéphane Declerck1 

Received: 16 November 2020 / Accepted: 22 February 2021 
© The Author(s), under exclusive licence to Springer-Verlag GmbH, DE part of Springer Nature 2021

Abstract
Hydrocarbon pollution is an increasing problem affecting soil ecosystems. However, some microorganisms can cope with 
these pollutants and even facilitate plant establishment and thus phytoremediation. Within soil, arbuscular mycorrhizal fungi 
(AMF) have developed several strategies to survive and flourish under adverse conditions. Among these is the hyphal healing 
mechanism (HHM), a process allowing hyphae to re-establish integrity after physical injury. This mechanism differs among 
species and genera of AMF. However, whether and to what extent hydrocarbon pollution impacts the HHM is unknown. 
Here, the HHM was monitored in vitro on two AMF strains, Rhizophagus irregularis MUCL 41833 and Gigaspora sp. 
MUCL 52331, under increasing concentrations of diesel (1, 2, and 5% v:v). The addition of diesel slowed-down the HHM 
in both fungi. On Gigaspora sp., this effect was limited and most hyphae were able to heal after injury. Conversely, all steps 
of healing were severely impaired in R. irregularis. That fungus reconnected the injured hyphae at a much lower frequency 
than the Gigaspora sp., instead investing its energy to link neighboring hyphae or roots, or developing new branches from 
uninjured hyphae.

Keywords  Arbuscular mycorrhizal fungi · Cichorium intybus L. · Diesel fuel · Hyphal healing mechanism · Common 
mycorrhizal network · Hydrocarbon pollutant

Introduction

Crude oil pollution from exploration and processing of 
petroleum is widespread in water and/or soil (Vwioko and 
Omamogho 2012). Oil pollution influences soil microbial 
communities (Amadi et al. 1996; Nicolotti and Egli 1998; 
Gan et al. 2009; Abha and Singh 2012; Joye et al. 2014) 
with putative effects on ecosystem functioning, soil fertility, 
and environmental quality (Peng et al. 2015). Diesel fuel 
in worldwide use by machinery such as power generators 
and vehicles is a distilled mixture from crude oil containing 
a combination of 65–85% saturates, 5–30% aromatics, and 
0–5% olefins. Nevertheless, these percentages are variable 
according to the petroleum source, the refining process, 

and the sulfur content (Liang et al. 2005). Diesel is toxic to 
the environment, owing to the presence of low molecular 
weight compounds with high volatility, solubility, and 
bioavailability, such as polyaromatic hydrocarbons (PAHs) 
and alkanes (Dorn and Salanitro 2000). Its accumulation in 
soil is particularly harmful to plants and their microbial root-
associates as well as a source of contamination of ground 
water (Adam and Duncan 1999; Driai et al. 2015). However, 
the ability of microbial communities to degrade hydrocarbon 
compounds has been reported in several studies (Kauppi 
et al. 2011; Faure et al. 2015; Stefani et al. 2015), providing 
information for bioremediation of petroleum-contaminated 
sites. Microorganism-assisted phytoremediation has been 
reported to enhance hydrocarbon degradation (Joner and 
Leyval 2001; Merkl et al. 2005; Gan et al. 2009).

Arbuscular mycorrhizal fungi (AMF) are key players 
in the rhizosphere. Besides promoting plant growth, AMF 
sustain other ecological and economically important 
functions such as improved plant resistance/tolerance to 
salinity and drought (Plouznikoff et al. 2016) and also to 
organic pollutants such as PAHs (Leyval and Binet 1998; 
Verdin et al. 2006; Debiane et al. 2008, 2009; Lenoir et al. 
2017; Calonne-Salmon et al. 2018), diesel (Kirk et al. 2005; 
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Tang et al. 2009), and crude oil (Cabello 1999; Salami 
and Elum 2010; Nwoko 2014). These microorganisms 
are thus considered potential agents for remediation 
strategies (Lenoir et  al. 2016; Rajtor and Piotrowska-
Seget 2016). AMF can facilitate plant establishment and 
survival in hydrocarbon-contaminated soils by stimulating 
the activity of soil microbial enzymes which contribute 
to the biodegradation of hydrocarbons in the rhizosphere 
(Meglouli et al. 2019). Conversely, a number of studies 
have reported the impact of oil pollutants (e.g., benzo[a]
pyrene, anthracene, phenanthrene, and diesel) on AMF 
development and physiology (Kirk et al. 2005; Franco-
Ramírez et al. 2007; Debiane et al. 2008, 2009; Calonne 
et al. 2014a; Driai et al. 2015). These authors generally 
observed a significant decrease in spore germination, 
hyphal length, root colonization, and P transport of 
different species of the family Glomeraceae in the presence 
of hydrocarbons. Thus, AMF may also be considered as 
bio-indicators of soil pollutants (ISO 2009; de Novais et al. 
2019).

A fascinating feature of AMF is the ability of their 
extraradical mycelium to develop through the soil and 
interconnect individual plants of the same or different 
species to form “common mycorrhizal networks” (Simard 
et al. 2012). These “mycorrhizal webs” are thought to play 
key roles in ecosystems (Giovannetti et al. 2015). These 
networks also may result from the interconnection of hyphae 
via a mechanism called anastomosis (Giovannetti et al. 1999, 
2001, 2004; Kirk et al. 2001; de Souza and Declerck 2003; 
de la Providencia et al. 2005; Voets et al. 2006, 2009; Purin 
and Morton 2011). Anastomosis formation concerns intact 
hyphae, and it has been linked to damaged hyphae as well, 
the latter being described as a hyphal healing mechanism 
(HHM) (de la Providencia et al. 2005). The HHM is a major 
process allowing the fungi to maintain mycelial integrity 
following physical injury. In some Gigasporaceae (e.g., 
Scutellospora reticulata, Gigaspora margarita, Gigaspora 
rosea), reconnection of cut hyphae is the main mechanism of 
repair (de Souza and Declerck 2003; de la Providencia et al. 
2005). Conversely, in some Glomeraceae (e.g., Rhizophagus. 
irregularis, R. proliferus, and R. clarus, previously known 
as Glomus intraradices, Glomus proliferum, and Glomus 
clarum, respectively, and Glomus hoi), high numbers of new 
hyphae are produced at both sides of hypha injuries. Those 
new hyphae are capable of reconnecting severed hyphae but 
also may anastomose with uninjured hyphae or may link to 
neighboring roots (de la Providencia et al. 2005, 2007).

The HHM has been investigated in  vitro on species 
belonging to the Glomeraceae and Gigasporaceae (de la 
Providencia et al. 2005, 2007). Four events from physical 
injury to complete fusion with re-establishment of 
cytoplasmic/protoplasmic flow have been described for 
the HHM: (a) septum formation; (b) initiation of growing 

hyphal tips (GHTs developed at one or both sides of the 
cut hyphae); (c) GHTs elongation, orientation, and contact; 
and (d) GHTs fusion and re-establishment of cytoplasmic/
protoplasmic flow (de la Providencia et al. 2005). These four 
events differentiated the Glomeraceae and Gigasporaceae 
(de la Providencia et al. 2005). However, environmental 
factors may influence extraradical mycelium functioning. 
For instance, it is unknown whether and to what extent 
hydrocarbon pollutants such as diesel may affect the HHM of 
members belonging to the two mentioned families of AMF, 
and thus may affect their integrity and functions. From an 
applied perspective, this may have important implications 
for the use of AMF inoculants in phytoremediation of 
hydrocarbon-polluted soils.

In the present study, R. irregularis MUCL 41833 and 
Gigaspora sp. MUCL 52331 were grown in  vitro on 
transformed root organ cultures (ROC) (IJdo et al. 2011) 
of chicory. We tested the hypothesis that increasing (1, 
2 and 5% v:v) concentrations of diesel (a hydrocarbon 
derivative) affect the HHM of both fungi differently. Diesel 
was applied on injured hyphae, and the healing mechanism 
was monitored and analyzed by microscopy.

Materials and methods

Biological material

The AMF Rhizophagus irregularis (Błaszk., Wubet, Renker, 
and Buscot) C. Walker and A. Schüßler as (“irregulare”) 
MUCL 41833 and Gigaspora sp. (Gerdemann and Trappe) 
MUCL 52331 were supplied by the Glomeromycota in vitro 
collection (GINCO—http://www.mycor​rhiza​.be/ginco​
-bel) and maintained on Ri T-DNA transformed chicory 
(Cichorium intybus L., clone A4NH) roots (Fontaine et al. 
2004) as described by Cranenbrouck et al. (2005).

Preparation of MSR‑diesel medium

Four 100-mL bottles (VWR, USA) containing 50 mL of 
modified Strullu–Romand (MSR) medium (Declerck et al. 
1998) supplemented with 3 g L−1 GelRite® (Carl Roth, 
Germany) and a stirring magnet were sterilized (121°C/ 
1  bar for 15  min). Filtered (0.45  µm Millipore-Merck, 
USA) winter diesel blend from a gas station (Q8, Louvain 
la Neuve, Belgium) was added to the bottles at 1, 2, or 5% 
(v:v of MSR medium) concentrations and maintained in 
agitation at 40°C before use. One bottle without diesel was 
used as the Control.

Diesel concentrations were selected according to a 
preliminary experiment with Gigaspora sp. and 2% diesel. 
The concentration of 2% showed a slowdown in the healing 
mechanism; however, re-establishment of cytoplasmic/
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protoplasmic flow was observed in several cut hyphae (data 
not shown).

Experimental design

The two AMF strains were grown in Petri dishes (135-mm 
diam.) in association with transformed chicory roots. The 
Petri dishes were filled with 90 mL of MSR medium as 
follows. Briefly, the Petri dishes were inclined at 5° during 
filling with the MSR medium to ensure a slight slope from 
one to the other end of the Petri dishes during solidification 
of the medium. The AMF were associated with the chicory 
roots in the thickest part of the MSR medium. Roots tended 
to grow preferentially in this part, while the hyphae tended 
to develop more easily in the thin part of the MSR medium 
facilitating microscopic observations. The Petri dishes were 
incubated in an inverted position at 27°C in the dark.

After 1 month of incubation, Petri dishes of each 
fungus showing optimal production of mycelium were 
selected. In each of them, between 6 and 14 runner hyphae 
growing close to the surface of the medium and showing 
dense cytoplasmic/protoplasmic flow under a dissecting 
microscope (with bright-field light illumination Olympus 
BH2–RFCA, Japan), at × 200 magnification, were carefully 
chosen and numbered without opening the dishes. The 
selected hyphae were chosen at a reasonable distance 
(~5–10 mm) from each other to avoid close contacts or 
direct interconnectedness. The hyphae were cut with a sterile 
scalpel under a binocular microscope (Olympus SZ2-ILST, 
Japan) at × 6.7 or × 40 magnification. Immediately after 
cutting, 20 µL of MSR-diesel medium containing 1, 2, or 
5% concentration or MSR medium without diesel (i.e., the 
Control), maintained in agitation at 40°C was added with 
a micropipette at the cutting sites. Performing the cuts and 
adding the MSR medium supplemented or not with diesel 
in one Petri dish were done at the same time. Each cut plus 
addition of the medium in a single dish took approximately 
1 min, and the times of cutting were tracked precisely.

Monitoring of the hyphal healing mechanism

The cut hyphae were inspected cautiously at regular 
intervals under the dissecting microscope at ×  100 or 
× 200 magnification. Immediately after the cutting, and 
during the first 60 min, the hyphae in each Petri dish were 
observed. In some hyphae the first steps of healing already 
were observed at that time (i.e., the formation of a plug of 
cytoplasm/protoplasm, change of color around the injured 
hyphae, septum formation). Then each cut was evaluated 
under the microscope every hour for 16 h and finally at 24, 
30, 36, and 48 h. After hyphal cutting, every change was 
noted to be compared at the end of the experiment. The 
HHM was analyzed in injured hyphae belonging to three 

AMF colonies (i.e., three Petri dishes) per strain (Gigaspora 
sp. and R. irregularis) and for each treatment (i.e., Control 
and 1, 2, 5% diesel), yielding between 19 and 40 cut hyphae 
observed per treatment (see Table 1).

Images of the GHTs were captured with a digital camera 
(Canon EOS 60D) coupled to a compound bright-field light 
microscope to reconstitute the sequence of HHM using 
image manager software (EOS Utility Canon USA Inc.).

Data collection

Following cutting, the time to septum formation, GHTs 
initiation at one or both sides of the cut hyphae, contact 
and fusion between GHTs, and subsequent cytoplasmic/
protoplasmic flow were recorded on each cut hypha. In 
addition, the number of new GHTs from cut hyphae as well 
as the number of ramifications (i.e., branches that were 
produced from the GHTs) was recorded. The number of cut 
hyphae that became empty and showed multiple retraction 
septa also was recorded.

Statistical analysis

Our response variables are defined as the time necessary to 
observe septum formation, GHTs initiation at one or both 
sides of the cut hyphae, contact and fusion between GHTs, 
and subsequent cytoplasmic/protoplasmic flow. Such out-
comes need to be analyzed within a time-to-event modeling 
framework, known as survival analysis. The most used sur-
vival or time-to-event model is the Cox model (Cox 1972; 
George et al. 2014).

In this study, an extension of the Cox model that enabled 
us to deal with interval censored data has been used (cf. 
monitoring section describing the post cutting evaluation 
schedule). Precisely, each event-time was analyzed 
independently, using the MIICD.coxph function of the 
MIICD R package (Delord 2015). Non-observed events after 
48 h were considered as right censored. The percentage of 
observed events within each treatment group and the results 
obtained from the Cox model are reported in Table 1.

Interpretation of the Cox model

A negative coefficient estimate in a Cox model indicates 
that the hazard ratio between a given treatment (1, 2, or 
5% diesel) and the Control (without diesel) is smaller than 
one, meaning that the hazard function of the treatment is 
smaller than the hazard function of the Control. In other 
words, in the given treatment, the event occurs later or is less 
frequently observed than in the Control. The interpretation 
of a positive estimate in the Cox model implies a hazard 
ratio larger than one, meaning that the event occurs sooner or 
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is more frequently observed in the given treatment compared 
with the Control.

Results

Hyphal healing mechanism in Gigaspora sp. MUCL 
52331 in the presence of increasing concentrations 
of diesel

Whatever the treatment, cytoplasmic/protoplasmic loss was 
noticed at both sides of the cut hyphae with the formation of 
a plug at one or both cut ends (Fig. 1a). This was followed by  
the rapid formation of a septum in more than 68% of the 
hyphae whatever the concentration of diesel, while in the 
Control treatment, it reached 95% (Table 1). The section 

distal to the septum changed color and turned darker (Fig. 1a). 
The impact of diesel on septa formation at both cut ends 
was significant. The hazard ratios comparing the 1, 2, and 
5% diesel treatments with the Control treatment were 0.353, 
0.285, and 0.175 (p < 0.001), respectively (Table 1), meaning 
that the event was observed sooner and more frequently in 
the Control treatment as compared with the diesel treatments.

The emergence of GHTs was always initiated behind 
the septum (Fig. 1a) or distant from the cut end when no 
septum was visible. Whatever the treatment, the percentage 
of hyphae showing at least one GHT emergence exceeded 
79% (Table 1). Following the first GHT emergence, a second 
GHT was generally formed in the hyphae on the other side 
of the cut. The percentage of observed GHT formation at 
both cut ends differed among treatments. In the 5% diesel 
treatment, GHTs formation at both ends occurred only in 

Table 1   Number of cut hyphae and descriptive percentage of observed 
events of the hyphal healing mechanism of Gigaspora sp. MUCL 52331 
and Rhizophagus irregularis MUCL 41833 in the absence (Control) or 
presence of diesel 1% (Diesel 1%), 2% (Diesel 2%), or 5% (Diesel 5%) 
added at the cutting site, the last observation after 48 h. The hazard ratios 

obtained from the Cox model (see “Statistical analysis” subsection) and 
their significance (p-values) are reported for each treatment. Significant 
probabilities are shown in italics

ND not determined
Significant values reflect p < 0.05 compared with the Control treatment (Cox model test)

  Gigaspora sp. MUCL 52331   R. irregularis MUCL 41833

Observed Event Number of 
cut hyphae, 
%

% of 
hyphae 
showing

Hazard ratio p-value Treatment Number of 
cut hyphae, 
%

% of 
hyphae 
showing

Hazard ratio p-value

Septum formation at both 
sides of cut ends

21 (25.3) 95 - - Control 40 (34.2) 70 - -
22 (26.5) 86 0.353 < 0.001 1% 28 (23.9) 32 0.365 0.009
21 (25.3) 76 0.285 < 0.001 2% 20 (17.1) 35 0.403 0.032
19 (22.9) 68 0.175 < 0.001 5% 29 (24.8) 38 0.434 0.020

First GHTs emergence 21 (25.3) 90 - - Control 40 (34.2) 100 - -
22 (26.5) 86 0.477 0.024 1% 28 (23.9) 71 0.125 < 0.001
21 (25.3) 86 0.488 0.031 2% 20 (17.1) 55 0.071 < 0.001
19 (22.9) 79 0.293 < 0.001 5% 29 (24.8) 79 0.156 < 0.001

GHTs emergence at both 
sides of cut ends

21 (25.3) 90 - - Control 40 (34.2) 80 - -
22 (26.5) 82 0.528 0.054 1% 28 (23.9) 32 0.172 < 0.001
21 (25.3) 71 0.397 < 0.001 2% 20 (17.1) 40 0.208 < 0.001
19 (22.9) 52 0.217 < 0.001 5% 29 (24.8) 48 0.298 < 0.001

GHTs contact 21 (25.3) 86 - - Control 40 (34.2) 45 - -
22 (26.5) 64 0.370 0.005 1% 28 (23.9) 18 0.292 0.015
21 (25.3) 81 0.452 0.020 2% 20 (17.1) 5 0.079 0.013
19 (22.9) 47 0.207 < 0.001 5% 29 (24.8) 10 0.167 0.004

Re-establishment of cyto-
plasmic/ protoplasmic flow

21 (25.3) 86 - - Control 40 (34.2) 7.5 - -
22 (26.5) 59 0.419 0.017 1% 28 (23.9) 7 0.602 0.651
21 (25.3) 57 0.354 0.005 2% 20 (17.1) 5 0.638 0.697
19 (22.9) 37 0.194 < 0.001 5% 29 (24.8) 3 0.438 0.475

Retraction 21 (25.3) 14 ND Control 40 (34.2) 78 ND
22 (26.5) 23 1% 28 (23.9) 32
21 (25.3) 29 2% 20 (17.1) 30
19 (22.9) 16 5% 29 (24.8) 21
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52% of the cases, while this percentage increased to 71% 
and 82% for the 2% and 1% diesel treatments, respectively, 
and reached 90% in the Control treatment. The Cox model 
showed a significant impact of diesel on GHTs formation. 
This formation (first emergence (Supplementary Figure S1) 
or at both ends) occurred significantly later or less often in 
the diesel treatments compared with the Control treatment 
(the hazard ratios were significantly lower than one). 
However, the response to the 1% diesel did not differ from 
the Control treatment for the GHT emergence at both sides 
of cut ends event (p = 0.054; Table 1).

Similar results were obtained for the GHTs contacts and 
for the re-establishment of cytoplasmic/protoplasmic flow 
(Fig. 1b). The presence of diesel reduced (or had them occur 
later) the healing compared with the Control treatment 
(Fig. S1; Table 1).

Arrest of cytoplasmic/protoplasmic flow was observed 
a few times following complete healing. The percentage of 
cytoplasmic retraction (i.e., septa formation) of cut hyphae, 
ramifications, or GHTs (Fig. 1c) was recorded after 48 h. A 
higher percentage of cytoplasmic retraction was observed in 

the 1% and 2% diesel treatments, compared with Control and 
5% diesel treatments (i.e., descriptive statistics; Table 1).

Hyphal healing mechanism in R. irregularis MUCL 
41833 in the presence of increasing concentrations 
of diesel

Whatever the treatment, cytoplasmic/protoplasmic loss 
was nearly always noticed at both sides of the cut hyphae. 
The formation of a plug was rarely observed (Fig. 1e). The 
percentage of septum formation in the cut hyphae was above 
70% for the Control treatment, but below 38% in the diesel 
treatments (Table 1).

As revealed by the results of Cox model analyses 
(Table  1), diesel had a significant impact on septum 
formation. It occurred less frequently or later in the diesel 
treatments compared with the Control treatment.

Similar results were obtained for the GHTs formation 
(first emergence (Fig. S1) and at both cut ends) and for the 
GHTs contact events (Table 1), while no effect of diesel 
was reported on the re-establishment of cytoplasmic/

Fig. 1   Impact of diesel on the hyphal healing mechanism in Gigas-
pora sp. MUCL 52331 and Rhizophagus irregularis MUCL 41833. 
From a–c Gigaspora sp. a At 5% diesel concentration. Plugs were 
formed at both cut ends (brace). The cut ends behind the plug 
changed color turning darker (arrowheads). Growing hyphal tips 
(GHTs) emerged at both ends (white arrow) and contacted each other 
(black arrow) (scale bar 50 µm). b At 1% diesel concentration con-
tact and fusion of emerging hyphae (white arrow) (scale bar 50 µm). c 
Control treatment. Development of ramifications (white arrows) from 

one side of cut hypha (black arrow, scale bar 100 µm) at the end of 
the experiment. From d–f Rhizophagus irregularis. d Control treat-
ment. GHTs contact and fusion following cutting (black arrow) (scale 
bar 50 µm). e Control treatment. Septa formation after cutting with no 
plug formation (grey arrows). GHTs emerging (white arrows) through 
the cut ends and ramification developed (black arrows) from GHTs 
(scale bar 50 µm). f Control treatment showing septa formation in the 
hypha (black arrows) and in GHTs (white arrows) (scale bar 50 µm)
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protoplasmic flow compared with the Control (Fig. 1d; 
S1; Table  1). Non-fused GHTs showed retraction with 
septa formation (Fig.  1f). The percentage of hyphae 
showing retraction was higher in the Control treatment 
(78%) compared with the diesel treatments (less than 32%) 
(Table 1).

Comparison of the hyphal healing mechanism 
between Gigaspora sp. MUCL 52331 and R. 
irregularis MUCL 41833 in the presence of increasing 
concentrations of diesel

Gigaspora sp. and Rhizophagus irregularis differed in 
their response to injury as well as to diesel application. For 
both fungi, the complete healing with re-establishment of 
cytoplasmic/protoplasmic flow was strongly delayed or less 
frequently observed in the presence of diesel, notably at the 
highest concentration (i.e., 5%).

For both AMF, septum formation was delayed or less 
frequently observed in the presence of diesel, whatever its 
concentration. Following septum formation, GHTs emerged 
at one or both cut ends of the injured hyphae. In the presence 
of diesel, the capacity to produce one GHT at one of the cut 
ends was slightly affected in Gigaspora sp.: GHTs formation 
dropped by 12% in the treatment with 5% diesel and by ~ 4% 
in the treatments with 1% and 2% diesel compared with the 
Control treatment (90%). Conversely, in R. irregularis it 
was drastically affected. GHTs formation, at least at one cut 
end, dropped by ~29, 45 and 21% compared with the Control 
in the presence of 1, 2, and 5% diesel, respectively. The 
production of at least one GHT at both sides of the cut end 
was affected as well. In Gigaspora sp., it was decreased by 
42% at the highest diesel concentration compared with the 
Control treatment, while for R. irregularis it was decreased 
by ~63, 50, and 40% compared with the Control treatment in 
the presence of 1, 2, and 5% diesel, respectively.

The majority of GHTs at both ends of the cut hyphae in 
Gigaspora sp. grew toward each other and in most cases 
(i.e., 86, 64, 81, and 47% for the Control, 1, 2, and 5% diesel, 
respectively (Table 1)) entered into contact. To the contrary, only 
45% (Table 1) of the GHTs in R. irregularis entered into contact 
in the absence of diesel and this percentage dropped by ~60, 
89, and 78% compared with the Control in the presence of 1, 
2, and 5% diesel. Contact of GHTs was followed by fusion and 
re-establishment of cytoplasmic/protoplasmic flow in Gigaspora 
sp.; however, this event was delayed at increasing concentrations 
of diesel compared with the Control treatment. In R. irregularis, 
GHT contacts were also observed, which in 7.5% of the cases 
resulted in re-establishment of cytoplasmic/protoplasmic flow 
in the absence of diesel. In the presence of 1, 2, and 5% diesel, 7, 
5, and 3% of the cases, respectively, resulted in re-establishment 
of cytoplasmic/protoplasmic flow (Table 1).

Discussion

The impact of anthropogenic pollution, such as diesel 
spillage, was studied on the HHM mechanism of Gigas-
pora sp. MUCL 52331 and R. irregularis MUCL 41833, 
two AMF belonging to phylogenetically distant families, 
under in vitro culture conditions.

For both AMF, septum formation was observed a few 
minutes after injury, at the cut ends for R. irregularis and 
some micrometers behind the cut ends for Gigaspora sp. 
as earlier observed by de la Providencia et al. (2005). 
Moreover, GHTs emerged at one or both cut ends of 
the injured hypha, behind the septum for Gigaspora sp. 
and most often through the septum or lumen at the site 
of the cut end for R. irregularis as previously observed 
by de la Providencia et al. (2005). Nevertheless, for both 
AMF strains, the events of healing were delayed or less 
frequently observed in the presence of diesel, whatever its 
concentration.

The GHTs emergence in Gigaspora sp. seemed to be 
impaired by increasing concentrations of diesel. To the 
contrary, the GHTs emergence in R. irregularis dropped 
severely in the diesel treatments and also dropped in the 
Control. The decrease observed for Gigaspora sp. at the 
highest concentration, and at all concentrations for R. 
irregularis, may be related to the impact of hydrocarbons 
on membrane composition, thus inhibiting signal 
recognition. Indeed, persistent organic pollutants such as 
benzo[a]pyrene and anthracene have been demonstrated 
to induce a slowdown in the sterol biosynthesis pathway 
(Calonne et  al. 2014a, b), leading to a decrease of 
24-methylcholesterols in membranes (Debiane et  al. 
2011). It is well known that sterols contribute to the 
normal functioning of plasma membranes (f luidity 
regulation and permeability) which are correlated with the 
mycelial growth and physiology of fungi (Weete 1989; 
Vanden Bossche 1990; Dalpé et al. 2012). A reduction 
in the capacity of the fungus to recognize signal and for 
GHTs to grow toward each other could thus be strongly 
affected by diesel. Similarly, phosphatidylcholine 
(the main phospholipid in AMF) content has been 
demonstrated to decrease in extraradical mycelium in the 
presence of PAHs and was linked with the induction of 
oxidative stress in the extraradical network (Debiane et al. 
2011; Calonne et al. 2014b). Perturbation of membrane 
composition and content could thus be inferred for the 
impact of diesel on signal recognition. The impact of 
diesel has been studied in the life cycle of R. irregularis 
and its host transformed chicory roots (Driai et al. 2015). 
Those authors demonstrated that mycorrhizal or non-
mycorrhizal root growth was reduced by 88 and 85%, 
respectively, in the presence of 0.5% diesel. Moreover, at 
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1% diesel concentration the growth of transformed roots 
was completely inhibited. The different concentrations 
of diesel (0.1, 0.25, 0.5, and 1%) used during their study 
demonstrated a decrease in spore germination rates and 
hyphal elongation, showing a complete inhibition at the 
highest concentration (Driai et al. 2015).

Contact of GHTs was always followed by GHT/
GHT or GHT/PEG (a term used to identify a very short 
specialized branch (de la Providencia et al. 2005)) fusion 
with re-establishment of cytoplasmic/protoplasmic flow 
in Gigaspora sp. The GHT/PEG fusion was observed for 
a few cut hyphae, where only one GHT was present at 
one side of the cut, but nevertheless, the re-establishment 
of cytoplasmic/protoplasmic flow was observed. As 
for the other events, contact was delayed at increasing 
concentrations of diesel compared with the Control 
treatment. In R. irregularis, GHT contacts were also 
observed, with a low re-establishment of cytoplasmic/
protoplasmic flow in the absence of diesel as well as in 
its presence. With this fungus, a pre-contact interaction 
between the GHTs, especially in the Control treatment 
(45%) previously had been observed, probably via a remote 
signaling process (de Novais et al. 2017), but ended by 
overlapped GHTs without further fusion. This interaction 
has been observed and classified by Sbrana et al. (2011) as 
hyphal close contact with no fusion and no morphological 
changes.

Interestingly, in Gigaspora sp., the ramifications of 
fused GHTs as well as of GHTs that did not fuse, stopped 
growth, and septa formations were observed. This suggests 
a very specific role of GHTs to fuse with neighboring 
GHTs and re-establish cytoplasmic/protoplasmic flow in 
injured hyphae. When the HHM is completed, we suggest 
that other GHTs and their ramifications become obsolete 
and cytoplasmic/protoplasmic material is saved. According 
to Kokkoris et al. (2020), it is presumed that AMF retract 
cytoplasm and nuclei back into the spore, by the presence of 
“retention septa” in the hyphae, to preserve them possibly as 
a resource. In several AMF species (Funneliformis mosseae, 
Gi. margarita, and Claroideoglomus etunicatum) arrest of 
hyphal growth was observed in the absence of roots followed 
by the formation of septa with cytoplasmic/protoplasmic 
retraction (Logi et al. 1998). This mechanism is thus not only 
associated with mycelial senescence and aging but possibly 
also with control of energy resources in the fungus (i.e., 
spores) (Logi et al. 1998). This mechanism also was noticed 
in R. irregularis, presenting retraction in all treatments.

This study showed that the four events leading to 
complete hyphae healing, described by de la Providencia 
et al. (2005) in the absence of pollutant, were observed in 
its presence. For both fungi, these steps were delayed in the 
presence of diesel, but appeared less affected in Gigaspora 
sp. than in R. irregularis, supporting our initial hypothesis. 

In Gigaspora sp., the hyphae in most cases were able to 
heal following injury at a similar frequency as observed in 
absence of diesel. This was the most likely way to maintain 
the viability of the hyphae in adverse conditions, and 
represents a mechanism for mycelia to survive. Conversely, 
in R. irregularis, the limited healing of severed hyphae, but 
the capacity of the GHTs developed to anastomose with 
neighboring hyphae or even contact roots (de la Providencia 
et al. 2005, 2007) could increase the chances of injured 
hyphae to maintain a connected network. These modes of 
HHM are key for AMF ecology and for AMF application in 
phytoremediation.
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