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A B S T R A C T

Crop inoculation with arbuscular mycorrhizal fungi (AMF) is a promising option to increase plant yield.
However, in most cases, the inoculated strains could not be traced in the field and their contribution to
root colonization separated from native AMF. Therefore, there is no clear indication that growth
promotion is strictly related to the inoculated isolates. Here, Rhizophagus irregularis MUCL 41833 was
inoculated on three potato cultivars (Bintje, Nicola, Charlotte) under field conditions in Belgium.
Inoculum was encapsulated into alginate beads and mycorrhizal infective potential (MIP) estimated with
a dose-response relationship under greenhouse conditions before field experiment. Mitochondrial Large
SubUnit (mtLSU) of inoculated R. irregularis MUCL 41833 was characterized to design haplotype-
(inoculated R. irregularis haplotype) and species-specific (native or inoculated R. irregularis) markers. The
magnitude of detection of the markers, determined by Real-Time quantitative PCR, was linked to the
stage of colonization of potato cv. Bintje grown under greenhouse conditions. Under field conditions, the
inoculant R. irregularis MUCL 41833 was detected at a very low level (between 10�5 and 10�7 ng/ ng total
DNA) in a marginal number of plants, in contrast to native R. irregularis strains that were detected at
higher levels (between 10�4 and 10�6 ng/ ng total DNA) in all plants of the three cultivars. This suggested
that the inoculated strain was almost absent in the plants due either to the environmental conditions,
competition with indigenous AMF or inadequate placement of inoculum. This was corroborated by the
absence of growth promotion and differences in root colonization between inoculated versus non-
inoculated potato plants. This study validated the mtLSU markers to detect/trace and quantify AMF
inoculants as native strains in plants grown under field conditions and further supported that potato
cultivars in the same field conditions differed in root colonization.

© 2017 Elsevier B.V. All rights reserved.
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1. Introduction

Arbuscular mycorrhizal fungi (AMF) are ubiquitous soil micro-
organisms that form symbiotic associations with the majority of
land plants (Smith and Read, 2008), including most agricultural
crops (e.g. Douds et al., 2007). Their major benefits to plants
include increased acquisition and accumulation of nutrients (e.g. P,
N) (Smith and Read, 2008) and improved tolerance/resistance to
biotic and abiotic stresses (Gianinazzi et al., 2010).
* Corresponding author.
E-mail address: stephan.declerck@uclouvain.be (S. Declerck).
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Despite their clear economic and ecological significance, the
number of studies that indubitably report their potential
benefits to plants in the field remains scarce (24%) as compared
to the numerous results obtained in greenhouse (65%) or
growth chamber (4%) conditions (Berruti et al., 2016). It is
obvious that under field conditions, inoculated AMF have to
compete with native AMF communities (Verbruggen et al.,
2013) and may be influenced by numerous agricultural as well
as environmental factors (see Gosling et al., 2006) impacting
their capacity to improve plant yield and health. Meta-analysis
of Berruti et al. (2016) showed that fungal colonization gain was
more frequent in the greenhouse as compared to open-field
conditions because field soil contains AMF propagules that
could colonize the non-inoculated controls, contrarily to the
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controls in pot experiments usually filled with sterilized
substrates free of AMF.

Rhizophagus irregularis is a worldwide distributed AMF,
commonly used for commercial applications owing to its easy
mass-production (Ijdo et al., 2010) and life history strategy
adapted to agricultural soils (Chagnon et al., 2013). A recent
analysis of 231 field experiments in North America and Europe
where potatoes were inoculated with R. irregularis DAOM 197198
(syn. MUCL 43194), using a liquid suspension of AMF spores
sprayed onto potato seeds (71 spores/seed piece), showed a
significant increase in the production of marketable potato tubers
(Hijri, 2016). An increase in potato yield was also observed in a
potato culture succeeding to a cover crop of Medicago sativa
inoculated with R. irregularis MUCL 41833 and Trichoderma
harzianum MUCL 29707 encapsulated into alginate beads (20
AMF propagules and 5 conidia/bead with �30 beads/potato seed)
(Buysens et al., 2016). However, even if it was supposed that
growth promotion was related to the inoculated isolates, it could
not be ruled out that other AMF belonging to the same species or
different species could be involved. Indeed, R. irregularis is a
ubiquitous AMF species and crops naturally become colonized by
native AMF species making it difficult to distinguish the effects of
applied inoculum as opposed to indigenous AMF species, in
particular if the local communities harbor similar species to the
inoculated ones.

Microscopically, it is difficult to distinguish different AMF
species or different AMF isolates of the same species based on
fungal structures within roots. Molecular tools have been
developed to differentiate AMF at family and species level (e.g.
Gollotte et al., 2004; Helgason et al., 1999; Krüger et al., 2009;
Redecker, 2000). Four nuclear (nr) ribosomal (r) DNA regions,
individually or in combination, are used as molecular markers: the
partial small subunit rRNA gene (SSU), the partial large subunit
rRNA gene (LSU), 5.8S rRNA gene (5.8S) and the Internal
Transcribed Spacers (ITS). Kohout et al. (2014) compared four
routinely-used AMF-specific primers covering (i) the partial small
subunit (SSU), (ii) the partial large subunit (LSU), (iii) the partial
SSU, ITS and 5.8S and (iv) the partial SSU-ITS-5.8S-partial LSU
region (Krüger et al., 2009). These last primers used by Krüger et al.
(2009) seemed to yield higher AMF diversity than the SSU primers.
Recently Schläppi et al. (2016) took advantage of these AMF-
specific PCR primers and sequenced the resulting amplicons with
single molecule real-time (SMRT) sequencing in order to detect all
major AMF families and discriminate closely related AMF species.
With this method they could trace an introduced AMF inoculum
and study the impact on the native community. Intraspecific
markers were also developed to detect different isolates of R.
irregularis by amplifying the mitochondrial Large SubUnit (mtLSU)
(Croll et al., 2008; Koch et al., 2004; Raab et al., 2005). This allowed
the discrimination of different haplotypes of this specific fungus in
the field (Börstler et al., 2008, 2010). The problems of apparent
polymorphism of nr rDNA and protein-coding genes within single
spores could be circumvented by using this independent genetic
system within the fungal organism. AMF mitochondrial DNA
(mtDNA) is homogeneous within single isolates (Raab et al., 2005),
making it a good target for marker development. The exon
phylogeny of a region of the mtLSU showed superior resolution
among subclades of R. irregularis compared to nuclear-encoded
rDNA ITS (Börstler et al., 2008). Particularly, the mtLSU introns
were shown to be highly sensitive molecular markers to genotype
different isolates of R. irregularis (sensu lato) and it was used to
differentiate mtLSU haplotypes directly from colonized roots
(Börstler et al., 2008) which is a promising approach to better
understand the diversity and dynamics of field communities and
populations. Börstler et al. (2008) revealed with a polymerase
chain reaction-restriction fragment length polymorphism (PCR-
RFLP) approach and sequencing that the diversity of mtLSU
haplotypes of R. irregularis was very high in field populations as
well as in isolates collected worldwide. Real-time quantitative (q)
PCR in the large subunit of mtDNA was recently used by Krak et al.
(2012) to study the dynamics of two coexisting isolates of R.
irregularis under greenhouse conditions. To our knowledge this
technique was not yet applied on field samples in order to
distinguish inoculated from native R. irregularis isolates and for
their absolute quantification.

Potato is the most important tuber crop worldwide (FAO, 2013).
This crop is characterized by heavy mechanization and huge
applications of fertilizers and pesticides. The effect of a direct
inoculation of AMF on potato was investigated by Douds et al.
(2007), Bayrami et al. (2012) and Hijri (2016) under different
fertilization treatments. These authors noticed that inoculation
with R. intraradices, R. irregularis or Funneliformis mosseae
significantly increased potato yield and root colonization under
low fertilization treatments. However, none of these studies could
firmly demonstrate that the increased yield was strictly related to
the inoculated isolate. Indeed, these authors could not separate the
contribution of native from inoculated AMF to root colonization.

The aims of the present study were (1) to characterize the
mtLSU of the AMF isolate R. irregularis MUCL 41833 used as
inoculant in our field experiment; (2) to validate the markers on
inoculated potato plants under greenhouse conditions (3) to
evaluate field inoculation success at potato planting by quantifying
introduced R. irregularis MUCL 41833 isolate as opposed to the
native R. irregularis; and (4) to compare AMF root colonization
abundance by microscopic and molecular techniques between
different potato cultivars.

2. Materials and methods

2.1. Biological material

Solanum tuberosum L. cv. Bintje, cv. Nicola and cv. Charlotte
(Euroseeds, Belgium) were used in this study. These cultivars are
amongst the most widely cultivated in Belgium and Europe (www.
fiwap.be). After storage at low temperature (3–4 �C), the potato
tubers were placed three weeks at 10–15 �C before planting.

Medicago truncatula Gaertn. cv. Jemalong A 17 (Sardi, Australia)
seeds were used in the MIP test.

The AMF Rhizophagus irregularis (Błaszk., Wubet, Renker in vitro
collection (BCCM/MUCL/GINCO – http://www.mycorrhiza.be/
ginco-bel) was cultured in vitro as detailed in Cranenbrouck
et al. (2005) and subsequently mass-produced during 6 months on
Zea mays L. cv. ES. Ballade (Euralis, France) grown under temperate
greenhouse conditions in pots containing pulverized lava (DCM,
Belgium) supplemented with Osmocote1.

Six other R. irregularis strains (MUCL 46241; MUCL 46239;
MUCL 43194; MUCL 43204; MUCL 46240; MUCL 43195) and four
closely related species to R. irregularis (Rhizophagus diaphanus
MUCL 43196; Rhizophagus intraradices MUCL 49410; Rhizophagus
clarus MUCL 46238; Rhizophagus fasciculatus MUCL 46100) were
supplied by the Glomeromycota in vitro collection for the tests of
specificity.

2.2. Entrapment of AMF and mycorrhizal infective potential

R. irregularis was entrapped in alginate beads following the
method described in De Jaeger et al. (2011) slightly modified with a
filler (see Supplementary material Fig. 1) to maintain the shape of
the beads after drying. Each gelled bead had a volume of 34 ml and
contained an approximate 20 AMF propagules (i.e. isolated spores
or root fragments containing spores/vesicles). Beads were air-dried
to 35% of their initial weight.

http://www.fiwap.be
http://www.fiwap.be


Table 1
Parameters of the Real-Time PCR used for the quantification of mtLSU of R. irregularis species-specific or MUCL 41833 haplotype-specific isolates.

Target region, isolate Primer names
(forward/reverse)

Primer sequences (50 � 30) Primer conc.
(mM)

Annealing
temp. (�C)

Amplicon
size (bp)

Amplification
efficiencyy (SD)

mtLSU, R. irregularis BF7/BR5 TGGTCTAAACATGGTTGAAAAAT/
ACGCTATCGCTAAAAGGTGG

0.2/0.2 62 67 96.2 (5.3)

mtLSU, R. irregularis MUCL
41833 haplotype

BF8/BR6 AAGTCCTCTAGGTCGTAGCA/
ACAGGTATTTATCAAATCCTTCCC

0.2/0.2 62 121 93.2 (4.5)

y Amplification efficiency was calculated from ten independent 5-fold dilutions of DNA template.
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The mycorrhizal infective potential (MIP) of the beads was
evaluated using the method described in Declerck et al. (1996)
slightly modified. The method was based on a dose-response
relationship and involved the cultivation of a population of
mycotrophic plantlets on a range of inoculum density under
controlled conditions. Briefly, beads (1, 3, 10, 30 and 100–
logarithmic scale), were thoroughly mixed in 200 cm3 pots
containing autoclaved Terragreen1 (a calcinated attapulgite clay
soil conditioner; Oil-Dri, Cambridgeshire, UK; see Hodge, 2001).
Seeds of M. truncatula (10 per pot) were sown into the pots and
grown for 20 days in a growth chamber set at 22/18 �C (day/night)
with 70% relative humidity, a 16 h photoperiod and a photosyn-
thetic photon flux (PPF) of 300 mmol m�2 s�1. The plantlets were
then harvested and roots cleared (10% KOH at 50 �C for 90 min) and
stained (5% blue ink (Parker1, USA) diluted in vinegar (7% acidity)
at 50 �C for 60 min) (Walker, 2005). The presence/absence of AMF
was evaluated in each plantlet under stereo-microscope (Olympus
SZ40, Olympus Optical GmbH, Germany) at 1–40x magnification.
Three replicates were set up. Data were expressed as the
percentage of mycorrhizal plants (% MP) per pot. The % MP was
plotted against the logarithm of bead number. Regression curves
were used to determine the number of beads needed to colonize
90% of the plants (i.e. ID90). This number was 13 (see Supplemen-
tary material Fig. 2).

2.3. Molecular characterization of R. irregularis MUCL 41833

Fungal DNA was extracted from a mix of �1000 spores and
mycelium of R. irregularis MUCL 41833 produced in vitro using
innuPREP Plant DNA kit (Analytikjena, Germany) and following
manufacturer recommendations with slight modifications (the
homogenization step was adapted to fungal material as explained
below). Spores/mycelium of 2-month-old cultures were extracted
from the Modified Strullu- Romand (MSR) medium (Declerck et al.,
1998) following solubilization of the gelling agent by citrate-buffer
(Doner and Bécard, 1991). They were further isolated with a
micropipette under a dissecting microscope, placed in a 1.5 ml
plastic tube (Eppendorf, Germany), repeatedly centrifuged to
eliminate water and air-dried. The tip of the tube was put in liquid
nitrogen and spores/mycelium were crushed with a plastic pestle
(Eppendorf, Germany) before lysis with the buffer. Extracted DNA
was then subjected to PCR amplification of the mitochondrial large
ribosomal subunit (mtLSU) RNA gene. The region was amplified by
nested PCR using the primers RNL28a (Börstler et al., 2008) and
RNL5 (Raab et al., 2005) in the first step and then RNL29 (Börstler
et al., 2008) and GImt4510R (Krak et al., 2012) in the second step
(see Supplementary material Table 1). The PCRs were conducted
using a total volume of 20 ml and contained 0.2 mM of each dNTP
(Applied Biosystems, USA), 0.5 U of AmpliTaq1 DNA polymerase
(Applied Biosystems, USA), 1 � Taq buffer with KCL (Applied
Biosystems, USA), 1 ng of genomic DNA and reaction-specific
concentrations of primers and MgCl2 (see Table 1). An initial
denaturation step at 94 �C (4 min) was followed by 35 cycles of
denaturation (94 �C, 30 s), annealing (59 �C in the first step and
53 �C in the second step, 30 s), and extension (72 �C,1.5 min), with a
final extension step at 72 �C (10 min). The resulting PCR products
were sequenced using the original PCR and additional internal
primers (see Supplementary material Table 1). One sequence type
was obtained (accession number KY347874).

2.4. Primer design

Two primer pairs targeted to the mtLSU region (Table 1) were
designed. One primer pair was designed to amplify mtLSU of all R.
irregularis strains and another to amplify mtLSU of the specific
target strain. Specific primers were designed by aligning the
sequence obtained together with mtLSU sequences of R. irregularis
sensu lato as well as other species that are representative of all
published haplotypes (www.ncbi.nlm.nih.gov/) using Mega6
software (http://www.megasoftware.net/). After a first specificity
assessment by checking in silico the absence of significant
similarity of our primers with other known DNA sequences using
BLAST in the NCBI GenBank public database, tests in qPCR were
performed using genomic (g) DNA of various AMF taxa from the
Glomeromycota in vitro collection or root samples (colonized or
not by AMF) from in vitro or in vivo collection as templates (see
Table 2). All primers were tested for dimer formation using
AmplifX 1.7.0 (by Nicolas Jullien; CNRS, Aix-Marseille Université –

http://crn2m.univ-mrs.fr/pub/amplifx-dist).

2.5. Optimization of qPCR assay

To prepare standards for the qPCR experiments, DNA extract
from R. irregularis MUCL 41833 spores and mycelium grown in vitro
was used. The concentration of DNA was measured with Quant-
iTTM PicoGreen1 dsDNA Assay kit (Life technologies, USA) using
Fluoroscan Ascent FL instrument (Labsystems, USA) and diluted to
100 pg gDNA.

The qPCR using LightCycler1 Fast Start DNA Master SYBR Green
I kit (Roche, Switzerland) was performed in 10 ml reaction
mixtures on the LightCycler1 96 Real Time PCR instrument
(Roche, Switzerland). The following cycling conditions were used:
10 min at 95 �C, followed by 45 cycles of denaturation (95 �C, 10 s),
annealing (62 �C, 10 s), and extension (72 �C, 10 s). The cycling was
finalized by a standard melting curve analysis.

The efficiencies of the qPCR assays were estimated from
standard calibration curves based on serial 5-fold dilutions of
genomic DNA standards (10�1–10�5 ng ml�1). The absolute
quantification of the target sequences was performed based on
the standard calibration curves using the LightCycler1 96 software,
version SW1.1 (Roche, Switzerland). The resulting concentrations
were expressed as ng of R. irregularis DNA or ng of R. irregularis
MUCL 41833 haplotype DNA / ng total DNA.

2.6. Greenhouse validation of molecular markers to trace and quantify
R. irregularis MUCL 41833 haplotype or R. irregularis species in
potato roots

A greenhouse experiment was set up to validate molecular
markers and to quantify the mtLSU genes at different stages of
potato root colonization by R. irregularis MUCL 41833. Potato tubers
of the cultivar Bintje were inoculated with R. irregularis MUCL

http://www.ncbi.nlm.nih.gov/
http://www.megasoftware.net/
http://crn2m.univ-mrs.fr/pub/amplifx-dist


Table 2
Arbuscular mycorrhizal fungal strains and root samples (colonized or not by AMF) included in the test of specificity of primers.

AMF isolates/root samples mitochondrial
genome sequence

qPCR

Species Isolates Origin

Recent classification Old
classification

GINCO strain code Other codes accession number BF7/
BR5

BF8/
BR6

Rhizophagus irregularis Glomus
intraradices

MUCL 41833 (spores/
mycelium in vitro)

/ Spain,
Canary
Islands

KY347874 + +

R. irregularis G. intraradices MUCL 41833 (spores of in vivo
culture)

/ Spain,
Canary
Islands

KY347874 + +

R. irregularis G. intraradices MUCL 41833 (roots of maize
colonised by strain in vivo)

/ Spain,
Canary
Islands

KY347874 + +

R. irregularis G. intraradices MUCL 41833 (roots of potato
colonised by strain in vivo)

/ Spain,
Canary
Islands

KY347874 + +

R. irregularis Glomus
irregulare

MUCL 46241 DAOM 234180/
4348YD

Canada,
Quebec

JQ514225 (Formey
et al., 2012)
GQ204983 (Sokolski
et al., 2010)

+ –

R. irregularis G. irregulare MUCL 46239 DAOM 234181/
4375YD

Canada,
Quebec

JQ514223.2 (Formey
et al., 2012)
GQ204981.1
(Sokolski et al., 2010)

+ –

R. irregularis G. irregulare MUCL 43194 DAOM 197198/
DAOM 181602

Canada,
Quebec

KF848212.1 (Borriello
et al., 2014)
KI297408.1
KI274799.1
KI296156.1
. . .

+ –

R. irregularis G. irregulare MUCL 46240 DAOM 234179/
4341YD

Canada,
Quebec

KC164354.1 (Beaudet
et al., 2013)

+ –

R. irregularis G. irregulare MUCL 43195 DAOM 212349/
3938 (YD)

Canada,
Ontario

/ + –

R. irregularis G. irregulare MUCL 43204 DAOM 229457/
CC-4

Canada,
Ontario

JQ514224 (Formey
et al., 2012)
GQ204984.1 (
Sokolski et al., 2010)
AM950206.1
AM950205.1
AM950204.1
(Börstler et al., 2008)

+ +

Rhizophagus diaphanus Glomus sp. MUCL
43196

DAOM 229456/
SD1 (SD)

Unknown JX065416.1 (Beaudet
et al., 2013)
GQ204985.1
HE583398.1

+ +

Rhizophagus clarus Glomus
clarum

MUCL 46238 INCAM 12 Cuba, Pinar
del Rio

/ – –

Rhizophagus intraradices Glomus
intraradices

MUCL 49410 / USA, Florida / – –

Rhizophagus fasciculatus Glomus
fasciculatum

MUCL 46100 / Unknown / + –

potato roots not colonized by AMF from in
vitro and in vivo culture

/ / / / – –
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41833 via an in vivo mycelium donor plant (MDP) system for fast
colonization of potato plantlets (adapted from Voets et al., 2009)
under greenhouse conditions. Briefly, maize cv. ES Ballade plantlets
were inoculated with a suspension of spores from an in vitro
culture of R. irregularis MUCL 41833. The plants were cultured for
two months in pots of 8 dm3

filled with sand and vermiculite (1 v/
1 v) to set up a profuse and active extraradical mycelium network.
Seedlings of M. truncatula were then placed in the active network,
for 5 weeks to produce extensively colonized small-sized plantlets
that can be easily used as mycelium donors. A pre-germinated
tuber and 3 donors M. truncatula plants were placed in
biodegradable pots (6 cm, Jiffy1, Netherland) filled with auto-
claved sand/vermiculite (1V/1V) (see Supplementary material
Fig. 3). Roots of potato were harvested 2–5 weeks after planting in
order to have plants colonized at different colonization stages.
They were washed with deionized water, dried at room tempera-
ture under laminar flow and stored at �20 �C before DNA
extraction and root staining.

2.7. Field experimental setup

The field trial was conducted in Libramont (Belgium) at the
Walloon Agricultural Research Centre, Life Sciences Department,
Breeding and Biodiversity Unit (49�550N, 5�220E). The trial was
conducted from May 2014 to September 2014. The climate of the
region is temperate with an annual mean precipitation of
1191 mm year�1 and an annual mean temperature of 8.3 �C
(Pameseb asbl. 2014). The soil was a Dystic Cambisol (IUSS
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Working Group WRB, 2014). The soil had a pH of 6.3 and 5.3 in H2O
and KCl, respectively. Soil organic matter and C content were
48 g kg�1 and 28 g kg�1, respectively.

The soil was covered with a mown grassland during three
consecutive years before trial. Individual subplots were arranged in
a randomized complete block design replicated four times
(Supplementary material Fig. 4). The trial was conducted under
conventional agricultural system but no fertilizers were added. The
timeline of the trial and the conventional agricultural practices and
treatments applied are presented in Supplementary material
Table 2.

The trial was conducted with three different potato cultivars
(i.e. Bintje, Nicola and Charlotte). Two inoculation treatments were
applied (i.e. beads containing R. irregularis MUCL 41833 (referred as
Ri41833)) and beads without AMF (i.e. the control). Each potato
tuber was inoculated with 120 beads. Inoculation was done on the
19th of May 2014 in the planting hole close to the tuber. Each
individual subplot had a surface of �21 m2 (3 � 7 m) with 60 plants
and was separated from a neighboring subplot by a distance of 2 m.
At the end of the experiment the subplots were chemically and
mechanically defoliated before tuber harvest on the 24th of
September 2014.

The roots of sixteen randomly-selected plants (i.e. four potato
plants per plot over the 4 blocks) of each potato cultivar (i.e. Bintje,
Nicola and Charlotte) and each inoculation treatment (Ri41833;
Control) were harvested at the flowering stage (the 15th of July
2014), just before defoliation (the 27th of August 2014) and at
harvest (the 24th of September 2014). Whole plants were
harvested but only the roots were analyzed. These plants were
not considered for the final harvest. They were washed with
deionized water, dried at room temperature under laminar flow
and stored at �20 �C until analysis.

2.8. Estimation of potato tuber yield, size and number

At harvest, tubers (four rows in each plot, i.e. 40 plants per
subplot) were collected. Tubers were counted, weighted and their
size distribution (<60 mm or >60 mm) determined.

2.9. Estimation of root colonization of potato by AMF

Roots were stained following the method of Walker (2005).
Root colonization was subsequently assessed following the
method of McGonigle et al. (1990). Two hundred intersections
were observed under a compound microscope (Olympus BH2,
Olympus Optical, GmbH, Germany) at 20–40� magnifications.
Total root colonization (%RC), abundance of arbuscules (%A),
intraradical spores/vesicles (%V) and/or hyphae only (%H) were
determined. Total root colonization (%RC) means the frequency of
observation of hyphae, vesicles/spores or arbuscules (alone or
together) on 200 observations on a root sample.

2.10. Traceability and/or quantification of haplotype R. irregularis
MUCL 41833 and R. irregularis species in potato with the
mitochondrial marker

Frozen root samples of the potatoes were crushed in liquid
nitrogen, and DNA of 500 mg crushed root samples was extracted
using the innuPREP Plant DNA kit (Analytikjena, Germany)
according to the manufacturer recommendations with slight
modifications (700 ml of SLS buffer and 25 ml of proteinase K
were directly added to the crushed roots for the lysis). The
concentration of DNA was measured with Quant-iTTM PicoGreen1

dsDNA Assay kit (Life technologies, USA) using Fluoroscan Ascent
FL instrument (Labsystems, USA), and 10 ng of total gDNA was used
as the template in qPCR.
qPCR was performed as described above. Standard curves
constructed from 5-fold dilutions of genomic standard (i.e. DNA
extract from R. irregularis MUCL 41833 spores and mycelium grown
in vitro) were included in each run. The amplification of each
dilution of genomic standard and experimental samples were
performed in triplicate.

2.11. Data analysis and statistics

Data analysis was performed with the SAS statistical software
version 9.3 (SAS Inc., Cary, NC). Data of the preliminary greenhouse
experiment were analyzed by one-way ANOVA. Data of the field
experiment was analyzed using a Linear Mixed Model (PROC
MIXED) where “cultivar” and “inoculation treatment” were
regarded as fixed factors, and block as a random factor. If
necessary, data were either logarithmically or arcsine transformed
prior to statistical analyses to meet the requirements of normal
distribution and homogeneity of variance (as determined by
Levene’s test). Differences between means were tested by Tukey’s
test (P � 0.05).

3. Results

3.1. R. irregularis specific Real-Time qPCR markers

Specificity of the primer pairs is detailed in Table 2. The first
primer pair was able to amplify all R. irregularis strains tested (but
also one Rhizophagus fasciculatus and one Rhizophagus diaphanus
strain) and the second primer pair was able to amplify the specific
target strain R. irregularis MUCL 41833 and R. irregularis MUCL
43204 but not the other R. irregularis strains. This last marker
detected also Rhizophagus diaphanus MUCL 43196. More specific
primers could not be found in the mtLSU region sequenced.

3.2. Validation of qPCR assay

Standard curve, qPCR amplifications and melting peak for each
primer pair are illustrated in the Supplementary material Figs 5
and 6. qPCR amplification with each primer pair was confirmed by
Sanger sequencing. CT values of potato roots in the greenhouse and
in the field ranged from 21 to 36 and fit with the standard curves.
Amplification efficiency was calculated from ten independent 5-
fold dilutions of DNA template and corresponded to 96.2% for
mtLSU R. irregularis species-specific primer pair and 93.2% for
mtLSU R. irregularis MUCL 41833 haplotype primer pair (see
Table 1).

3.3. Greenhouse validation of molecular markers to trace and quantify
the haplotype R. irregularis MUCL 41833 or species-specific R.
irregularis in potato roots

Three different stages of colonization (early, intermediate and
late stage – according to Gallou et al., 2010) could be distinguished
in the thirteen potato plants sampled from the greenhouse
experiment (see Supplementary material Table 3). Three samples
(harvested at week 2) were in the early stage of root colonization,
characterized by the presence of few hyphae (i.e. 18 � 9%) and
absence of arbuscules and vesicles/spores. Four samples (har-
vested at week 2, 5 and 6) were in the intermediate stage, with
hyphae (i.e. 18 � 4%), a few arbuscules (i.e. 2.2 � 0.3%) and no
vesicles/spores. Similarly, four samples (harvested at week 3 and 4)
were in the intermediate stage with the presence of hyphae (i.e.
22 � 7%), some arbuscules (i.e. 10 � 3%) and the first vesicles/spores
(i.e. 1 �0%). The two intermediate stages were thus discriminated
by the presence of vesicles/spores. Finally, two samples (harvested
at week 5) were in the late stage of colonization with higher
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amounts of hyphae (i.e. 25 �13%), arbuscules (i.e. 15 � 3%) and
vesicles/spores (i.e. 8 � 0%).

Whatever the colonization stage, no significant differences
were noticed in %RC or %H. To the contrary, significant differences
were noticed in %A and %V among the three stages, with the
highest values observed in the second intermediate and late stage
for %A and late stage for %V. With the mitochondrial markers,
significant differences were noticed in mtLSU detection with the
lowest concentration (3.9 10�6� 2.110�6 ng mtLSU_MUCL41833/
ng DNA vs. 3.5 10�6� 2.0 10�6 ng mtLSU_RI/ng DNA) in the
early stage of root colonization, and with the highest concentra-
tion (7.4 10�3� 5.110�3 ng mtLSU_MUCL41833/ng DNA vs 7.8
10�3� 4.110�3 ng mtLSU_RI/ng DNA) in the late stage. An
intermediate concentration of mitochondrial markers (5.7 10�5

� 1.7 10�5 ng mtLSU_MUCL41833/ng DNA vs. 4.6 10�5�1.8 10�5 ng
mtLSU_RI/ng DNA and 3.0 10�4�1.210�4 ng mtLSU_MUCL41833/
ng DNA vs. 2.8 10�4�1.410�4 ng mtLSU_RI/ng DNA) was found in
the intermediate stages. Pearson’s correlation coefficients (r)
between mtLSU of R. irregularis MUCL 41833 and AMF root
colonization parameters (%RC, %A, %V and %H) were calculated
for the thirteen samples (Supplementary material Fig. 7). A
significant positive correlation was observed between
mtLSU_MUCL41833 and %RC (r = 0.5967; P = 0.0240), %A
(r = 0.6228; P = 0.0168) and %V (r = 0.7797; P = 0.0004) but not
between mtLSU_MUCL41833 and %H.
Fig. 1. Root colonization (Total root colonization (%RC), Arbuscules (%A) and Vesicles/Sp
concentration of R. irregularis (mtLSU-RI) or R. irregularis haplotype MUCL 41833 (mtLS
3.4. Field experiment

3.4.1. Potato tuber yield, size and number
Potato tuber yield, size and number results and statistics are

presented in the Supplementary material Table 4. The average
tubers yield per plant ranged from 1.91 �0.12 kg to 2.31 �0.04 kg
among the different treatments and a significant effect of the factor
“cultivar” was observed (P < 0.01). To the contrary, no significant
effect on tubers yield was observed for the factor “inoculation
treatment” and there was no interaction between both factors. As
the factor “inoculation treatment” was not significant, average
tubers yield per plant was calculated for the “Ri41833” and
“Control” treatments combined. Potato tubers yield was signifi-
cantly higher in Bintje (i.e. by 11%) and in Nicola (i.e. by 10%) as
compared to Charlotte.

The % tubers >60 mm ranged from 14 � 2% to 30 � 2% among the
different treatments. A significant effect (P < 0.0001) of the factor
“cultivar” was observed. To the contrary, no significant effect on the
% tubers >60 mm was observed for the factor “inoculation
treatment” and there was no interaction between both factors.
As the factor “inoculation treatment” was not significant, % tubers
>60 mm was calculated for the “Ri41833” and “Control” treatments
combined. The % tubers >60 mm was significantly higher for
cultivar Bintje as compared to cultivar Nicola (P < 0.001) or
Charlotte (P < 0.0001) and % tubers >60 mm was significantly
ores (%V)) by AMF of potato cultivars Bintje, Nicola and Charlotte and mtLSU DNA
U_MUCL41833) at flowering stage, before defoliation and at harvest.
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higher for cultivar Nicola as compared to cultivar Charlotte
(P < 0.05).

The number of tubers per plant ranged from 14 �1 to 16 � 1
among the different treatments. However, no significant effect on
the number of tubers per plant was noticed for the factors
“cultivar” or “inoculation treatment”.

3.4.2. Root colonization by AMF
Potato root colonization at flowering stage, before defoliation

and at harvest is presented in Fig. 1. and statistical analysis in
Supplementary material Table 5. At flowering stage, the %RC
ranged from 5.3 � 1.4% to 16.0 � 1.8% and the %A from 1.4 � 0.4% to
8.3 � 1.9%. The %V remained low (from 0.2 � 0.1 to 3.0 � 1.0%). A
significant effect (P < 0.0001) of the factor “cultivar” was noticed
on the %RC, the %A and the %V. In contrast, the factor “inoculation
treatment” and the interaction of both factors had no significant
effect on %RC, %A or %V. The %RC, %A and %V were calculated for the
“Ri41833” and “Control” treatment combined. Significant (P
< 0.0001) higher %RC and %A were noticed for cultivars Nicola
and Charlotte in comparison to cultivar Bintje, while no differences
were observed between Nicola and Charlotte. In addition,
significant higher %V was noticed for cultivars Nicola (P < 0.0001)
and Charlotte (P < 0.05) in comparison to Bintje, while no
differences were observed between Nicola and Charlotte.

Before defoliation the %RC ranged from 29.9 � 2.8% to
50.2 � 3.2%, %A from 17.8 � 2.7 to 34.6 � 3.0 and %V from
0.8 � 0.3% to 5.6 � 0.9%. Similarly to the flowering stage, a
significant effect (P < 0.0001) of the factor “cultivar” was noticed
on the %RC, the %A and the %V. The factor “inoculation treatment”
had no significant effect on %RC, %A or %V. An interaction (P < 0.05)
was noticed between the two factors for %RC but no interaction
was noticed for %A or %V. Similarly as above, %RC, %A and %V were
calculated for the “Ri41833” and “Control” treatment combined.
Significant (P < 0.0001) lower %RC, % A and %V were noticed for
cultivars Bintje in comparison to cultivar Nicola. Significant
(P < 0.05) lower % RC, %A and %V were noticed for cultivars
Charlotte in comparison to cultivar Nicola and significant (P < 0.05)
lower %RC, %A and %V were noticed for cultivar Bintje in
comparison to cultivar Charlotte.

At harvest the %RC ranged from 14.1 �1.3% to 37.4 � 4.5%, %A
from 7.3 � 0.7% to 21.6 � 3.3% and %V from 1.0 � 0.1 to 9.3 � 2.0%. A
significant effect (P < 0.0001) of the factor “cultivar” was noticed
on the %RC, the %A and the %V. The factor “inoculation treatment”
had no significant effect on %RC, %A or %V. No interaction was
noticed between the two factors for %RC, %A or %V. %RC, % A and %V
were thus calculated for the “Ri41833” and “Control” treatment
combined. Significant (P < 0.0001) lower %RC and %A were noticed
for cultivars Bintje and Charlotte in comparison to cultivar Nicola,
while no differences were observed between Bintje and Charlotte.
Moreover, significant different %V were noticed between the three
cultivars, with the highest %V for cultivar Nicola (8.3 �1.3%), then
for cultivar Charlotte (3.9 � 0.8%) and the lowest %V for cultivar
Bintje (1.4 � 0.2%).

3.4.3. Traceability and/or quantification of native and inoculated R.
irregularis in potato within field

MtLSU detection levels of all R. irregularis strains or just the
target isolate at flowering stage, before defoliation and at harvest
are presented in Fig. 1. MtLSU of haplotype MUCL 41833
(mtLSU_41833) was detected at a very low level at the flowering
stage in only one plant of cultivar Bintje (2.2 10�7� 1.7 10�7 ng/ ng
DNA) and Charlotte (7.0 10�7� 1.210�7 ng/ ng DNA) inoculated
with this strain. Before defoliation, detection was again noticed in
only one plant of the inoculated cultivar Bintje (1.8 10�5� 8.0 10
�6 ng/ ng DNA) and inoculated cultivar Charlotte (1.6 10�5�1.510�5 ng/ ng
DNA). At harvest, detection was only noticed in one inoculated
plant of cultivar Charlotte (1.5 10�6� 2.9 10�7 ng/ ng DNA). MtLSU
of haplotype MUCL 41833 was never detected in cultivar Nicola,
whatever the stage of development. Inoculated strain was never
detected in the control plants.

The species-specific mtLSU region of R. irregularis (mtLSU_RI)
was detected in all the potato plants (Fig. 1). Statistical analyses of
these results are presented in the Supplementary material Table 6.
At flowering stage, before defoliation and at harvest, significant
effects (P < 0.001) of the factor “cultivar” were observed. To the
contrary, no significant effect for the mtLSU_RI was observed for
the factor “inoculation treatment” and there was no interaction
between both factors. As the factor “inoculation treatment” was
not significant, detection of mtLSU_RI was calculated for the
“Ri41833” and “Control” treatments combined. The detection of
mtLSU_RI was significantly higher for cultivar Nicola (P < 0.001)
and Charlotte (P < 0.01) than for cultivar Bintje at the flowering
stage and before defoliation. At harvest, detection of mtLSU_RI of
cultivar Nicola was significantly higher than for cultivar Charlotte
(P < 0.001) and cultivar Bintje (P < 0.001). In addition, detection of
MtLSU_RI of cultivar Charlotte was significantly higher (P
< 0.0001) than for cultivar Bintje.

Pearson’s correlation coefficients (r) between mtLSU of R.
irregularis and AMF root colonization parameters (%RC, %A and %V)
were calculated for all the treatments. A significant positive
correlation was observed between mtLSU and %RC (r = 0.6544;
P = 0.0019), %A (r = 0.59750; P = 0.0062) and %V (r = 0.9184; P
< 0.0001).

4. Discussion

This study is the first, to our knowledge, that traces and
quantifies native and inoculated R. irregularis by Real-Time
quantitative PCR of mtLSU on three different potato cultivars
grown under field conditions. MtLSU of the inoculant R. irregularis
MUCL 41833 was characterized and two different markers
designed. The first marker was a haplotype-specific marker (to
trace the field-inoculated isolate) and the second marker a R.
irregularis species-specific marker (to trace either the field-
inoculated isolate or all other native isolates belonging to the
species R. irregularis). Prior to field experiment, the markers were
validated on potato plants grown under greenhouse conditions
and the quantification of mtLSU paralleled with the root
colonization stage as defined by Gallou et al. (2010). Even if in
our field experiment markers were specific enough to trace
inoculated or native strains, complete specificity of these primers
could not be found in the mtLSU region sequenced. Other regions
of mitochondrial genome should be further explored for more
specific primers.

Significant correlation was noticed between mtLSU_-
MUCL41833 and total, arbuscular or vesicular colonization within
roots of potato c.v. Bintje inoculated with R. irregularis MUCL 41833
in the greenhouse. This suggested that the haplotype marker was a
good indicator of inoculation success of this specific isolate as well
as a good indicator of the stage of root colonization. Krak et al.
(2012) compared this mtDNA-based quantification to nrDNA-
based quantification, which is used in numerous studies (Alkan
et al., 2004; Filion et al., 2003; Gamper et al., 2008). They found
that the ratio of mtLSU to nrLSU copy numbers was constant across
the root colonization of various ages. But the higher-resolution
power of the mtLSU compared to that of nrLSU (Börstler et al.,
2010) increased the chances of distinguishing an introduced
isolate from a native background. The mtLSU marker was already
used for the characterization of R. irregularis strains in pure
cultures (Börstler et al., 2008; Raab et al., 2005) as well as for
diversity studies (Börstler et al., 2010) or tracing of introduced
isolates (Sýkorová et al., 2012) in the field.
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The absolute quantification of the mtLSU gene of an
introduced isolate was to our knowledge never performed on
field samples. In our field trial, the haplotype R. irregularis
MUCL 41833 was not detected in the non-inoculated controls
suggesting that this haplotype was not present in the field
before the trial. Moreover, the haplotype-specific molecular
marker revealed the low detection of the inoculated R.
irregularis MUCL 41833 isolate in the cultivars Charlotte and
Bintje and its non-detection in the cultivar Nicola. By contrast,
the species-specific marker allowed to detect R. irregularis in
all potato roots. This indicated that R. irregularis was
indigenous to the experimental field since it was never
inoculated in this specific location. The low detection of the
inoculant R. irregularis MUCL 41833 could be explained by
various factors such as the viability/infectivity of introduced
isolate or its incompatibility with the soil environment or
plant host (Oehl et al., 2010; Öpik and Moora, 2012). Berruti
et al. (2016) observed that the occurrence of root colonization
gain was more frequent in response to inoculation with native
species than with commercial or collection inoculants (such as
in our study). The competition with other microorganisms
including the native AMF, lack of time for adequate and
significant root colonization (Dickie et al., 2012) or the
inadequate localization of the inoculant versus the tuber
may similarly explain the low to absence of root colonization
by R. irregularis MUCL 41833. From our experiment, it appears
that the viability/infectivity of inoculum was high and probably
not responsible for the low to absent colonization of the
inoculated strain. The number of beads necessary to infect 90%
of the plants was 13 (estimated by the MIP trial) and 120
beads were applied per potato plant. Competition between
isolates of the same species is another factor that was
proposed by Krak et al. (2012). These authors observed a
decrease in mtLSU levels for one of two coexisting isolates
from the same species. This hypothesis could not be verified in
our experiment. The distance of inoculum to the roots of the
germinating tubers was possibly responsible for the low
colonization. Beads were placed next to the potato tuber
but the distance with the roots was probably not optimal for
good establishment. Propagule germination is generally re-
stricted to less than one mm (D’Souza et al., 2013) and it is
not excluded that the first large roots, produced by reserves
from the tuber, are less adequate to be colonized by AMF than
secondary roots that are at a higher distance from the tuber.
However, in other studies (Hijri, 2016) potato seeds were
sprayed with a liquid suspension of spores and apparently, this
way of inoculation led to increased AMF root colonization and
subsequent increased tuber yield. As described above a lot of
factors can influence inoculation success. For example,
inoculation of Medicago sativa cover crop with R. irregularis
combined with Trichoderma harzianum and co-encapsulated
into alginate beads increases AMF colonization and yield of
subsequently-grown potato under low nutrient conditions
(Buysens et al., 2016).

The three potato cultivars were colonized with R. irregularis at
flowering stage, before defoliation and at harvest as determined by
species-specific mtLSU detection. Interestingly, AMF root coloni-
zation and R. irregularis mtLSU detection at flowering stage, before
defoliation or at harvest was in most cases the highest for Nicola,
followed by Charlotte and Bintje. These results are in accordance
with Bhattarai and Mishra (1984) who observed a difference in root
colonization between potato cultivars. They suggested that the
highly disease resistant cultivars showed an earlier establishment
and more rapid development of AMF than susceptible ones.
Previous studies also showed that crop breeding programs
selecting for high yield varieties under fertilized conditions may
have inadvertently select genotypes that are less responsive to
mycorrhiza (Johnson and Pfleger, 1992). But a meta-analysis on
studies from 1981 to 2010 (Lehman et al., 2012) observed that new
cultivars were less intensively colonized but were more mycor-
rhiza-responsive (and possibly dependent) compared to ancestral
genotypes. Although this could not be proved in our experiment it
may support the interest to consider the association with AMF
within breeding strategies (Rengel, 2002).

5. Conclusion

In conclusion, our study demonstrated, for the first time, that
mtLSU-based Real-Time qPCR assays could be used in the field for
quantification of native and inoculated AMF strains in addition or
potentially in substitution to root colonization estimation by
microscopic observations. MtLSU amount was correlated with
colonization level (especially % of arbuscules) and is thus a good
indicator of colonization success. This study showed that the
effectiveness of AMF inoculation under field conditions is complex
and depends on several factors. This molecular traceability method
should be further used in studies searching for better inoculation
methods. Even if the markers used in the present were specific
enough, specificity of the markers could be further enhanced by
sequencing whole mitochondrial genome to find more specific
regions (Formey et al., 2012; Beaudet et al., 2013; Badri et al., 2016).
Intergenic regions of mitochondrial genomes are highly polymor-
phic and they are suitable for designing accurate markers targeting
AMF isolates (Formey et al., 2012). In addition, this study showed
that mtLSU-based Real-Time qPCR assays are adapted to quantify
selected AMF strains in potato roots in order to compare different
potato cultivars and find the most colonized cultivars by AMF (e.g.
Nicola > Charlotte > Bintje).
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