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Characterization of arbuscular
mycorrhizal fungal species
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Makhanda, South Africa

Taxonomic identification of arbuscular mycorrhizal (AM) fungal spores extracted
directly from the field is sometimes difficult because spores are often degraded
or parasitized by other organisms. Single-spore inoculation of a suitable host
plant allows for establishing monosporic cultures of AM fungi. This study aimed
to propagate AM fungal spores isolated from maize soil using single spores for
morphological characterization. First, trap cultures were established to trigger
the sporulation of AM fungal species. Second, trap cultures were established with
individual morphotypes by picking up only one spore under a dissecting
microscope and transferring it to a small triangle of sterilized filter paper,
which was then carefully inoculated below a root from germinated sorghum
seeds in each pot and covered with a sterile substrate. All pots were placed in
sunbags and maintained in a plant growth room for 120 days. Spores obtained
from single spore trap cultures from each treatment, maize after oats (MO),
maize after maize (MM), maize after peas (MP), and maize after soybean (MS),
were extracted using the sieving method. Healthy spores were selected for
morphological analysis. Direct PCR was conducted by crushing spores in
RNAlater and applying three sets of primer pairs: ITS1 X ITS4, NS31 X AML2,
and SSUmcf and LSUmBr. Nucleotide sequences obtained from Sanger
sequencing were aligned on MEGA X. The phylogenetic tree showed that the
closest neighbors of the propagated AM fungal species belonged to the genera
Claroideoglomus, Funneliformis, Gigaspora, Paraglomus, and Rhizophagus. The
morphological characteristics were compared to the descriptive features of
described species posted on the INVAM website, and they included
Acaulospora cavernata, Diversispora spurca, Funneliformis geosporus,
Funneliformis mosseae, Gigaspora clarus, Gigaspora margarita, Glomus
macrosporum, Paraglomus occultum, and Rhizophagus intraradices. These
findings can provide a great contribution to crop productivity and sustainable
management of the agricultural ecosystem. Also, the isolate analyzed could be
grouped into efficient promoters of growth and mycorrhization of maize
independent of their geographical location.
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1 Introduction

Mycorrhizal fungi are soil microorganisms distributed
worldwide. They form symbiotic and mutualistic associations
with more than 80% of vascular land plants (Smith and Read,
2008; Brundrett, 2009). Different types of mycorrhizal associations
involving other groups of fungi and host plants have been identified.
Among them, arbuscular mycorrhizal (AM) fungi form symbiotic
associations with plants (Hata et al., 2010) in almost all habitats and
climates (Azcon-Aguilar and Barea, 1997; Chen et al., 2018),
including disturbed agricultural soils (Enkhtuya et al., 2000) and
those derived from mining activities (Bi et al., 2003). These are
considered Earth’s most essential and ubiquitous symbionts (Dodd
etal,, 1996; Bever et al., 2001). AM fungi are obligate biotrophs that
require the roots of a living host to grow and complete their life
stages (ICehri et al., 2018). They colonize plant roots in exchange for
carbohydrates, up to 20% of photosynthetically fixed, organic
carbon (C)-based compounds (C) (Jakobsen and Rosendahl,
1990; Smith and Read, 2008), and provide their plant hosts with
mineral nutrients required for plant growth (Jakobsen et al., 1992;
Luginbuehl et al., 2017).

The importance of AM fungi is being increasingly considered in
agriculture, horticulture, forestry, and environmental reclamation
(IJdo et al., 2011; Sheteiwy et al,, 2023). The global use of
agriculturally beneficial microorganisms tends to contribute
directly or indirectly to crop improvement and increases nutrient
uptake efficiency (Bargaz et al., 2018; Plett, 2018; El-Sawah et al.,
2023). Potentially, AM fungi could replace inorganic fertilizers or at
least reduce the use of inorganic fertilizers (Begum et al., 2019;
Sheteiwy et al., 2022).

AM fungi form symbiotic relationships with most vascular
plants, and identifying AM fungal species is essential. Maize (Zea
mays L.) is one of the most important crops grown globally for
livestock feed, food, and industrial materials (v et al., 2016). Maize
plants produce high dry matter yields and therefore have a high
requirement for nutrients, especially three macro-nutrients:
nitrogen (N), phosphorous (P), and potassium (K) (Pettigrew,
2008; Zorb et al., 2014). The use of artificial chemical fertilizers
has been an effective way to improve maize production worldwide
(Gao et al, 2017; Dai et al,, 2018). Although many nutrients
required to grow maize are abundant in soil, some may occur at
low levels (Mtambanengwe and Mapfumo, 2009; Gao et al., 2020).
The majority of plant species form symbiotic relationships with AM
fungi to augment N and P uptake from soil (Begum et al., 2019;
Yang et al., 2022). AM fungi transfer N (~20%) and P (~90%) to
plants in exchange for C from photosynthates (Smith and Read,
2002; Whiteside et al., 2009). Tt can also boost plant growth by an
average of 80% under unfertilized conditions (Hoeksema et al.,
2010). In many parts of the world, maize production occurs in semi-
arid environments and thus often faces high temperatures and
water scarcity (Cairns et al., 2012; Zhao et al., 2016; He et al., 2017).
These climate change-induced stresses have significantly threatened
maize yields and decreased world maize production by 15%-20%
annually (Lobell et al., 2011; Chen et al, 2012; Abdoulaye
et al., 2019).
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Traditionally, microscopic examination of extracted spores was
used to identify AM fungal species before molecular techniques were
established (Sanders, 2004; Young, 2012). Conventional
morphological observation is still essential and should be addressed
for identification, although there is a trend that the sequence data of
AM fungi are over-emphasized for identification. The
recommendation is that molecular and morphological
characterization should be combined where practical because of the
production of unique and crucial information, such as the impact of
land management on AM fungal spore abundance and richness from
each of the methods (Overby et al., 2015; Sile et al,, 2015).

Taxonomic identification of AM fungal spores extracted directly
from the field is sometimes difficult because spores are often degraded
or parasitized by other organisms (Clapp et al., 1995), and it is
recommended that morphological spore characteristics are best
observed in trap cultures. The Glomeromycota classification based
on morphological and molecular data was revised in 2013 by
systematists with expertise in the biology and taxonomy of AM
fungi (Redecker et al,, 2013). The taxonomic classification of AM
fungi was constructed by grouping the fungal strains based on
similarities and differences in their morphological characteristics
(spore morphology, spore formation, and spore wall structure)
(Gerdemann and Trappe, 1974; Walker and Sanders, 1986; Morton
and Benny, 1990; Schenck and Perez, 1990). Most of the 214
currently described species (https://www.amf-phylogeny.com) are
characterized only by spore morphology, and the majority of older
species have not been cultured in vitro (trap cultures) (Tisserant et al.,
1998; Clapp et al,, 2001). There are approximately 160 species of AM
fungi described by spore morphology according to the International
Collection of Vesicular Arbuscular Mycorrhizal Fungi (INVAM;
http://invam.caf.wvu.edu/). The variation in morphological
characteristics in the spores of AM fungi is limited, thus creating
difficulties in identification and morphotyping (Tisserant et al., 1998;
Clapp et al, 2001). Walker and Vestberg (1998) reported that in
nature there can be significant variation in spore morphology even
within an AM fungal species. Still, many AM fungi may reproduce
only vegetatively without producing spores (Helgason et al., 2002).
Also, fungal spore diversity differs seasonally, with some fungi
sporulating in late spring and others at the end of summer (Douds
and Millner, 1999; Oehl et al., 2003). Using successive trap cultures
and subsequent extraction and study of spores is time-consuming but
may reveal significantly greater diversity (Oehl et al., 2004).

Single-spore inoculation of a suitable host plant allows for
establishing monosporic cultures of AM fungi. It can also assist in
understanding the individual effects of AM fungi on plant growth
and the combined effects of other stresses on different crops. Few
studies have been conducted on the propagation of AM fungi from
single spores as starter inocula using substrate-based methods
(Jansa et al., 2002; Panwar et al., 2007; Selvakumar et al., 2018).
We hypothesize that inoculation with AM fungal single spores
may help to elucidate the efficiency in preventing the contamination
of spores (degraded or parasitized by other organisms) extracted
directly from the field. The present study aimed to morphologically
characterize AM fungal species associating with maize using single-
spore propagation.
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2 Materials and methods
2.1 Soil sampling and treatments

The soils in this study originated from fields (in the Free State
and KwaZulu-Natal provinces, South Africa) of different farming
practices, including conventional and conservational production of
maize and four different treatments: maize after oats (MO), maize
after soybean (MS), maize after maize (MM), and maize after peas
(MP). Soils were sampled three times, first pre-planting (PP), 2
weeks before planting (October 14, 2019); second germination
(GN), 2 weeks after germination (January 9, 2020); and third
germination, at harvest (AH) (July 2020). Samples were collected
from the bulk (0-10-cm depth) and rhizosphere (0-30-cm depth)
soil profiles. From each of the sites [Free State (C, conventional; V,
Zunckel farms) and KwaZulu-Natal (Z, Van Rooyenswoning
farm)], the upper layer of soil organic matter (SOM) and debris
was removed, and the bulk soil was then taken for pre-planting. At
the same time, for germination and at harvest, the plant was first
removed, and roots with rhizosphere soil were then placed in a
sampling bag before the above-ground plant material was removed.
Then, an additional bulk soil sample was taken from the vicinity
where the plant was removed. Five samples were taken per
treatment using an auger, with the aim to spread the intra-field
samples as far apart as possible while still being accessible. The
samples were then thoroughly mixed to make one composite (a
single representative sample, created to reduce some of the massive
variability) as described by Okalebo et al. (2002). In the Free State
farms (large commercial fields), one soil sample was collected in a
center sample, and then four soil samples were collected in a
clockwise direction, starting at 9 o’clock, around the center
sample when facing away from the farm road. In the KwaZulu-
Natal (KZN) fields (under pivot irrigation), soil samples were
collected trying to obtain a sample from every side and within
every ring left by the irrigation system. Approximately 1 kg of the
composite (soil adhering to the roots and next to plants) soil
samples were placed in plastic bags (Ziploc freezer bags), labeled,
and transported to the Mycorrhizal Laboratory at Rhodes
University, Makhanda, Eastern Cape, South Africa, for
further processing.

2.2 Trap culture

AM fungi are obligate biotrophs and cannot be grown in an
artificial medium. They must be associated with a host plant. Trap
cultures were established to trigger the sporulation of AM fungal
species. These cultures aim to maintain a living collection of
organisms to study and obtain fresh spores to set up monosporic
cultures for identification. Sorghum bicolor was chosen as the
symbiotic partner because of its high mycorrhizal dependency,
wide adaptability, and high resistance to abiotic stresses, including
drought, salinity, waterlogging, and heavy metals (Dar et al., 2018).
A non-soil clay substrate was sterilized at 121°C for 15 min
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(Getenga et al., 2004; Kariman et al., 2022) and, when cooled, was
placed in 9.5 x 6.5 x 9.5 cm plastic pots (until they were two-thirds
filled). A soil sample from the field (5 g each; from four different
treatments, MO, MS, MM, MP, and under two different agriculture
management practices) was used as inoculum and placed (2 cm
deep) in the pots below the seeds (approximately three disinfected
seeds of sorghum per pot). More non-soil clay substrate was added
until the pot was full. The seeds started to germinate after 3 days.
The pots were placed in sunbags (Sigma-Aldrich, St. Louis, MO,
USA; B7026) and watered with distilled water (Figure 1). Sunbags
were sealed and monitored regularly, and water was supplied once a
week, if needed, to ensure the soil moisture level was maintained,
promote normal growth, and allow for AM fungal infection. Pots
were placed in a growth room with external lighting on a 12-h day/
night cycle, and the temperature was maintained at 25°C-28°C
(Katta, 2016). Pot cultures were grown for 4 months (Oehl et al,
2003), after which the host plant was allowed to dry. After
harvesting, the trap contents were thoroughly mixed, substrate
and root samples were collected, and spores were extracted as
described by Schenck (1982) and Smith and Dickson (1997) and
grouped into different morphotypes according to their
morphological characteristics observed under a dissecting
microscope (Goswami et al., 2018).

2.2.1 Single spore trap culture

Sorghum seeds were surface-disinfected by soaking them in
10% sodium hypochlorite for 30 min and rinsing them three times
with sterile distilled water. Using plastic pots (9.5 x 6.5 x 9.5 cm)
filled with sterile non-soil clay substrate (autoclaved at 121°C for 15
min), some disinfected sorghum seeds (3 seeds/pot) were sown and
grown with regular watering with distilled water in a plant growth
room with 12 h of light (25°C) and 12 h of darkness (18°C)
(Sreedasyam et al., 2023). The seeds started germinating after 3
days. Following seed germination, a trap culture was established
with individual morphotypes by picking up only one spore (that
appeared healthy based on shape, color, and surface condition)
under a dissecting microscope and transferring it to a small
triangular sterilized filter paper (Figure 1). Additionally, intact
spores of each type were mounted in polyvinyl alcohol/lactic acid/
glycerol (PVLG) with (to obtain the most intense staining reaction)
and without Melzer’s reagent (to observe diagnostic features with a
compound microscope for identification using the keys of Schenck
and Perez (1990) and INVAM (http://www.invam.caf.wvu.edu)
based on the wall structure and, if possible, to classify the genus
and species rank using the current taxonomy (Schiifller and Walker,
20105 Redecker et al., 2013). The tools used here are important in
morphology-based diagnoses; they are effective in detecting amyloid
A substance present in the spores of some species of fungi that
appear as a blue-black stain under the microscope (Josserand 1983;
Vizzini et al., 2020). The small filter paper (carrying a single spore)
was then carefully inoculated below a root from germinated
sorghum seeds (Figure 1) in each pot (Brundrett and Juniper
1995; Selvakumar et al., 2018). The spores were then covered with
sterile substrate. Cultures with one spore from an existing culture
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FIGURE 1

Single spore inoculation method in the pot. (A) Triangle filter paper with single spore prepared for inoculation. (B) Pre-germinated sorghum
inoculated with single spore. (C) Inoculated seed covered with the non-clay substrate. (D) Single spore inoculated in pre-germinated seedlings. (E)

pregerminated seedlings. (F) Four-month-old seedlings.

10.3389/fpls.2024.1345229

ensure that only one species of fungus is present and can
significantly reduce the possibility of transferring parasitic
organisms to healthy spores. All pots were placed in sunbags,
maintained in a plant growth room (120 days) with regular
watering with distilled water, and periodically assessed for AM
fungal development. After 4 months, plants were harvested along
with complete roots, and spores were extracted for molecular
identification of the AM fungal species.

2.2.2 Direct PCR amplification of single spore
Spores obtained from single spore trap cultures from each
treatment (MO, MM, MP, and MS) were extracted following the
sieving method described by Schenck (1982) and Smith and
Dickson (1997). Under a dissecting microscope (Leica L2), a
single spore (from each treatment) was picked and transferred to
a 1.5-mL centrifuge tube (a different tube for each treatment), and
10 pL of RNAlater ™ (Sigma, Lot# MKCP0642) was added to the
tube. The tube was left overnight in a refrigerator (4°C), followed by
overnight incubation in a freezer (-20°C). The spores were gently
crushed in a centrifuge tube using a pipette tip under a stereoscope
to ensure the spore wall ruptured. Three pairs of primers were used
for PCR amplification: ITS1 x ITS4 (White et al., 1990), SSmAf x
LSUmAr/SSUmcf x LSUmBr (Kriiger et al., 2009), and NS31 x
AML2 (Lee et al., 2008). These primers are known to be suitable for
specifically amplifying AM fungi rDNA, characterizing the diversity
of AM fungal species, and allowing phylogenetic analysis with
species-level resolution. The internal transcribed spacer (ITS)
region is the common barcoding region used to identify and
distinguish different fungal species (Rajaratnam and Thiagarajan,
2012; Raja et al, 2017). This region includes the ITS1 and ITS2
regions separated by the 5.8S gene, situated between the 18S SSU
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and 28S LSU genes in the rDNA repeat unit (Wipf et al., 1999). The
ITS region is the most used for fungal analysis because it has a
higher degree of variation between species that are closely related;
this is evident by the sequences on the barcoding gap that show a
higher difference in sequences among species than those within
species (Toledo et al., 2013; Aslam et al,, 2017). The SSU, ITS, and
LSU regions have different rates of evolution, which resulted
in different levels of genetic variation; e.g., SSU evolves the
slowest, resulting in it having the lowest amount of variation
among taxa, is highly conserved, and has a high specificity of the
primer combination (Lee et al., 2008; Lekberg et al.,, 2018; Perez-
Lamarque et al., 2022). ITS evolves the fastest and shows the
highest variation. LSU is generally considered less variable than
the ITS region (White et al., 1990; Bruns et al., 1991; Begerow
et al,, 2010). The greater sequence variation in the ITS (ITS1/ITS2)
makes them more suited for species and strain identification
than the 18S region, the 5.8S region, and the 28S region (Iwen
et al, 2002). PCR was conducted in a total volume of 20 pL
consisting of 10 pL of 2x Phire Plant direct PCR Master Mix
(Thermo ScientiﬁcTM, Waltham, MA, USA; Lot# 01098165), 1 uL
Primer A, 1 pL Primer B, 6 uL nuclease-free H,O, and 2 pL crushed
spores in RNAlater. The thermal cycling parameters are presented
in Table 1.

Repeated PCR was performed using the same set of primers for
ITS1 x ITS4 and NS31 x AML2; however, for SSU and LSU, a new
set of primers was used: SSUmcf and LSUmBr (Kriiger et al., 2009).
PCR amplicons were electrophoresed on a 1% agarose gel and
visualized using UV light in a Bio-Rad Molecular Imager®
ChemiDoc' " XRS+ with Image Lab' " Software (USA). PCR
amplicons were cleaned using a kit from WizardR SV Gel and
PCR Clean-Up System (Promega, Madison, WI, USA; ZR-96 DNA
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TABLE 1 Thermal cycle parameters used in the direct PCR amplification.

Parameters Temperature  Time (s) Cycles
(°C)

Initial denaturation 98 300 1
Denaturation 98 5 35
Annealing (ITS1/ITS4) 49 30 35
Annealing (SSU/LSU) 58 30 35
Annealing (NS31/AML2) 58 30 35
Elongation 72 20 35

Final elongation 72 60 1

Clean-up Kit'). Samples were then sent for Sanger sequencing to
Inqaba Biotechnical Industries (Pty) Ltd. in Pretoria.

2.3 Microscopy survey

Healthy spores (showing numerous lipid globules inside and
neither a turbid content nor an air bubble) obtained from single
spore trap cultures and collected by the wet sieving method
described by Schenck (1982) and Smith and Dickson (1997) were
selected for identification using the morphological approach. The
morphological characteristics of the spores and details of the wall
structure were determined by examining several slides of intact
spores mounted in PVLG (Omar et al,, 1979) and a mixture of
PVLG and Melzer’s reagent (1:1, v/v). On each labeled microscope
slide, two drops of PVLG were added to one set of spores, and one
drop of PVLG and one drop of Melzer’s reagent were added to the
second set of spores (Koske and Tessier, 1983). A cover slip was
placed on each group, and localized light pressure was applied to
break the cell walls of some spores. The slides were incubated at
room temperature for at least 3-5 days (to clear their contents from
the oil droplets) before being examined under a light microscope.
After that, they were examined under an Olympus BX50 DIC
compound microscope. Microphotographs were recorded using a
Sony 3CDD color video camera coupled to a microscope. The
terminology for spore structure has been suggested by Stiirmer and
Morton (1997) and Walker (1983). The spore size and color of fresh
specimens immersed in distilled water were examined under a
dissecting microscope. Color names were obtained from
Kornerup and Wanscher (1983). The number of cell wall layers,
the reaction of individual layers with the stain, and the flexibility of
the coatings were observed and recorded. The subtending hyphae,
continuity of the spore cell walls with those of subtending hyphae,
and the existence of a septum or occlusion were also considered.
These characteristics were compared to the descriptive features of
described species posted on the INVAM website (http://
fungi.invam.wvu.edu/the-fungi/species-descriptions.html), and
morphotype determination of the genus was made based on the
classifications described by Morton and Benny (1990). Each
morphotype was assigned the name of the species with the closest
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match. The nomenclature for fungi is that of Schiifller and Walker
(2010) and Redecker et al. (2013)

2.4 Data analysis

Nucleotide sequences obtained from Sanger sequencing were
aligned on MEGA X version 10.2.4 (Kumar et al., 2018; Stecher
et al., 2020) using MUSCLE (Edgar, 2004a, 2004b). MEGA X and
MUSCLE settings were by default for gap penalties and memory/
iterations, while advanced options were by the neighbor-joining
method. The fasta file containing the nucleotide sequences was
subjected to a Basic Local Alignment Search Tool (BLAST™)
program available at the National Center for Biotechnology
Information (NCBI) website (http://www.ncbi.nlm.nih.gov) for
comparison against the GenBank database (Altschul et al., 1997)
to determine the closest sequence matches that enabled taxonomic
identification. The most comparable sequence matches with at least
97% similarity (this threshold is considered given rather than being
a tunable parameter, following the conventional wisdom that 97%
corresponds approximately to species; Schloss and Handelsman,
2005; Westcott and Schloss, 2017) with the reference sequence, and
meant taxonomic identification to the genus level could be selected.
The nomenclature of AM fungal genera was assigned according to
the Index Fungorum website (https://www.indexfungorum.org) to
determine the currently accepted name. Additional taxonomic
assignment was based on phylogenetic relationships. A
phylogenetic tree was constructed based on multiple sequence
alignments from sequences of AM fungal isolates (in the four
treatments: MM, MO, MP, and MS) and GenBank (NCBI) data
sequences and was estimated by the neighbor-joining method
(Saitou and Nei, 1987) using unbiased estimates of evolutionary
distances. The bootstrap tests assessed the reliability for the
maximum parsimony (Kumar et al., 2018). The branches
corresponding to partitions reproduced in less than 50% of
bootstrap replicates collapsed (Felsenstein, 1985). Chrysoporthe
austroafricana (JN942337 and JN942338) sequences were taken
from the NCBI database and used as an outgroup.

3 Results
3.1 Single spore identification

After 4 months of observation of 32 inoculants (trap culture
pots inoculated with single spores from each treatment) in the plant
growth room, only 29 inoculants showed propagations with more
than 100 spores (Figure 1). Out of the 29 propagations, only 13
samples had good sequence (Sanger) quality, and one sample (good
chromatogram with high-quality peaks) from each treatment was
chosen for further analysis. BLAST" on NCBI was performed for ID
identification. The analysis involved 39 nucleotide sequences. All
ambiguous positions were removed for each sequence pair (pairwise
deletion option). There were a total of 1,259 positions (ITS1 x ITS4)
in the final dataset (Kumar et al., 2018; Stecher et al., 2020). The
percentage of replicate trees in which the associated taxa clustered
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comparison, identified sequence types from GenBank were included in the analysis. Bootstrap supports values greater than 50%, given on the
branches (1,000 resembling branches). Samples from this study do not show an accession number. The tree was rooted in Chrysoporthe
austroafricana. PP, pre-planting; GN, germination; AH, at harvest; r, rhizosphere; MO, maize after oats; MM, maize after maize; MP, maize after peas;
MS, maize after soybean; Z, Zunckel farm; C, conventional farm; V, Van Rooyenswoning farm; AM, arbuscular mycorrhiza.

together in the bootstrap test (1,000 replicates) is shown next to the
branches (Figure 2) (Felsenstein, 1985). The constructed
phylogenetic tree separated the four AM fungal isolates from
their outgroup, C. austroafricana. This phylogenetic tree
(Figure 2) showed that the PPCMM isolates formed the same
cluster as Claroideoglomus claroideurn and were in a different
clade from the Ambispora genus. The AHVMSr isolates formed
the same cluster with the Paraglomus genus and on a distinct clade
with Gigaspora margarita. The phylogenetic tree also showed that
the GNZMPr isolate was in the same clade as G. margarita and
Paraglomus occultum. The PPZMO isolate was in the same clade as
Funneliformis geosporus. In the phylogenetic tree, the closest
neighbors of the propagated AM fungal species revealed that the
AM fungal spores had characteristics belonging to the genera
Claroideoglomus (PPCMM), Gigaspora (GNZMPr), Paraglomus
(AHVMSr), and Funneliformis (PPZMO) (Figure 2) and were
present under both agriculture practices. Also, described species
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such as OTU024 and OTU021 could be seen in the tree close to the
genera Funneliformis and Rhizophagus.

3.2 Morphological characterization of
AM fungi

Spores (some) obtained from the single spore trap cultures were
used for morphological characterization. The macro-characteristics
considered for description included the spore color, size, and shape;
shape, width, pore occlusion of the subtending hypha; and the size
of the auxiliary cells. The micro-characteristics for characterizing
the spore wall structure included color, dimension, number, type,
and ornamentation (Table 2). Yellowish, reddish brown, dark red-
brown, yellow-brown, and hyaline to pale yellow spores were
observed in this study, with sizes ranging from 128- to 220-pum
diameters. Overall, eight species of AM fungi belonging to five
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TABLE 2 Morphological characteristics of some AM fungal species.

10.3389/fpls.2024.1345229

AM fungal species Description

Acaulospora cavernata Blaszk (1989) spores in PVLG

(5{0) (VIan)

Spore pale yellowish in color to light brown with two spore wall layers (L1 and
L2), namely, outer (L1) membranous light yellow colored layer. Sub-globose, 130
150 um in diameter, sessile on the neck of a sporiferous saccule. Mature spore
showing one terminal germinal wall (GW) layer and pitted ornamentation on

the wall

Funneliformis geosporus C. Walker & A. Schiifller (2010) spores in PVLG + Melzer’s
reagent

60 pm

Reddish brown walled spore, with lengthy tube-like subtending hyphae. Spore
shows three wall layers (L1, L2, and L3), which are tightly adherent, laminated,
and membranous. L1, a hyaline sloughing granular layer; L2, a rigid layer
consisting of adherent sublayers appeared orange-brown in color; L3, a semi-rigid
resolved by slightly darker color (yellow to orange-brown). A germ tube emerged
from the lumen of the subtending hypha and originated from the recurved
septum. Globose, 128-135 um in diameter with loosely sleeve-like hyphal
attachment at right angle to spore wall. Cross channel (CC) in wall layers,
common hyphal attachment (HA)

Gigaspora margarita W.N. Becker & L.R. Hall (1976) spores in PVLG + Melzer’s
reagent

-
00 pm

Crushed spore of Gigaspora margarita, globose in shape, dark red-brown in color,
and consisted of three layers: L1, an outer permanent rigid layer, smooth, adherent
to inner laminae, pale brownish; L2, hyaline sublayer, rigid, dark red-brown; and
L3, germinal layer that is concolorous and adherent with the laminate layer, 215-
220 um in diameter

Diversispora spurca C. Walker & A. Schiifiler (2004) spores in PVLG
. : : -

N g

Crushed spore of Diversispora spurca, subhyaline, globose in shape, and consisted
of two layers: L1, hyaline to pale yellow-brown, separating from the L2; and L2,
thin hyaline to subhyaline sublayer. L2 of the spore wall stops abruptly in the
region of attachment and thus is not part of the more distant hyphal wall
structure; 155-182 pum in diameter
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TABLE 2 Continued

10.3389/fpls.2024.1345229

AM fungal species Description

Rhizophagus aggregatus in PVLG + Melzer’s reagent

Globose spores of R. aggregatus, 143-145 um in diameter, hyaline to pale yellow
in color, with two yellow layers (L1 and L2). Single subtending hyphae, which stop
abruptly in the region of attachment and thus are not part of the more distant
hyphal wall structure. The hypha is closed by a thin septum, thickening of the
spore wall. Germ tube (GT), subtending hyphae (SH)

Paraglomus occultum (C. Walker) J.B. Morton & D. Redecker (2001) spores in
PVLG

Globose spore of Paraglomus occultum, 152-159 um in diameter, hyaline to pale
yellow in color, with three layers (L1, L2, and L3). L1, a sloughing layer; L2, a
permanent layer, continuing into the wall of subtending hypha; and L3, a
permanent layer, SH subtending hyphae

Funneliformis mosseae C. Walker & A. Schiifller (2010) spores in PVLG + Melzer’s
reagent

——

Globose spore of Funneliformis mosseae, 152-154 pm in diameter, hyaline to straw
to yellow in color, with three layers (L1, L2, and L3). L1 hyaline, mucilaginous; 1.2
hyaline, rigid, attached firmly to the underlying laminae; and L3 pale sublayer

AM, arbuscular mycorrhiza; PVLG, polyvinyl alcohol/lactic acid/glycerol.

families in the Glomeromycota phylum were found in this study:
Acaulosporaceae (one species), Diversisporaceae (one species),
Gigasporaceae (one species), Glomeraceae (four species), and
Paraglomeraceae (one species) (Figure 3; Table 2). Furthermore,
from a total of 10 morphotypes of AM fungal generated and
classified on Mothur using the UNITE database, the results were
then blasted on NCBI for comparison. Sequences were deposited
into GenBank under accession numbers OR822200-OR822205.
Species such as Acaulospora lacunosa, Archaeospora leptoticha, G.
margarita, Gigaspora rosea, Funneliformis mosseae, F. geosporus,
Glomus monosporum, Rhizophagus aggregatus, Rhizophagus
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intraradices, and P. occultum showed more than 97% similarity
with NCBI comparison (Supplementary Table 1).

4 Discussion

Trap culture and monosporic culture techniques of spore
multiplication are the most commonly employed cultivation
strategies in the substrate-based method (Douds et al., 2006; Panwar
et al,, 2007). These two AM fungal propagation techniques provide an
environment that closely mimics the field conditions. Since AM fungi
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FIGURE 3

Spore identification using morphological characteristics: (A, B) Funneliformis mosseae, (C) Gigaspora margarita, (D) Acaulospora cavernata,
(E) Rhizophagus intraradices, (F) Diversispora spurca, (G, H) Glomus macrosporum, (I) Funneliformis geosporus, and (3) Paraglomus occultum.

have been reported to be able to provide their hosts with access to
numerous soil resources such as P, N, and water, the present study was
involved in the propagation of AM fungal single spores isolated from
maize soil samples from four different treatments (PPZMO, AHVMSr,
PPCMM, and GNZMPr) under two different agriculture
management practices. The initial inoculum should start with a
single spore to obtain a pure culture. Only 29 samples out of the
initial 32 pots showed some colonization in this study. These could be
because of the source of the initial AM fungal spores or the quality of
the spores, as the spores were isolated from soil samples under
different crop rotations, which could have influenced the quality of
the spores. Maize is an obligatory mycorrhizal species readily colonized
by many non-host-specific AM fungi (Daisog et al., 2012). Maize
growth phases strongly affect the abundance, diversity, and community
composition of AM fungi (Lii et al., 2020). In the current study, the
selected single spores were picked from soil samples collected in
different farms and different maize growth phases (PP, AH, and
GN), which could explain the occurrence of different AM fungal
species at a particular stage of maize development, underlying the
fact that AM fungi have contrasting seasonal sporulation dynamics and
their different phenologies can cause disparate community
composition across plant growing seasons (Pringle and Bever, 2002;
Bainard et al.,, 2012; Varela-Cervero et al., 2016). Also, Mathimaran
et al. (2007) and Nord and Lynch (2009) demonstrated that plant
phenologies and the dynamics of soil processes could likely differ in
different cropped soils.

Identification of AM fungi both morphologically and molecularly
is essential to determine with some certainty the identity of an
organism (Schenck and Perez, 1990; Lee et al., 2006; SchiifSler and
Walker, 2010). Brundrett (1991) suggested a variation of AM fungal
species in a habitat, which is related to their capability of growing
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under certain conditions and the ability of fungi to form a symbiosis
with various types of plants in the vicinity. Identification of the four
AM fungal isolates based on morphology complemented the
identification based on molecular (species level) analysis. Therefore,
there are more detailed and valid data, high confidence, and strong
evidence that the morphological characterization technique is also
important for AM fungal identification. Nonomura et al. (2011)
stated that combining the results from morphological
characterization and molecular methods is the best approach to
identifying AM fungal taxonomy. Also, spores are viewed as
among the most important and convenient characteristic features,
and they can help researchers rapidly identify mycorrhizae faster than
sequence techniques (Fall et al, 2022). In this study, AM fungal
species belonging to the genera Glomus, Funneliformis, Gigaspora,
Acaulospora, Diversispora, Rhizophagus, and Paraglomus were
associated with maize and described morphologically. Similar
results were expected in the work of Tobolbai et al. (2018);
Baltruschat et al. (2019), and Fall et al. (2022) where they studied
the morphological diversity of native AM fungal species associated
with the rhizosphere of maize in different agroecosystems and found
similar AM fungal species. Also, studies by Sanders (2003); Hijri et al.
(2006); Alguacil et al. (2008), and Sasvari et al. (2011) described the
seven genera (similar to the ones encountered in the current study) as
the most dominant genera associated with maize crops under
different management practices.

The applications of the findings of this research, particularly for
the maize crop, show that all AM fungal spores obtained are good
candidates for mass-producing inocula or material for identification
in other studies and, also, can guide the management of these
important symbioses as part of integrated conservation of land
management plans.
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5 Conclusion

The results of the current study demonstrated that the production of
pure cultures of AM fungal species could be achieved using single-spore
inoculum through the trap culture method. Selected AM fungal isolates
(from the most predominant spore morphotypes) exhibited more spores
produced, and all belonged to the phylum Glomeromycota. Future
studies are needed to further identify more different genera in the
Glomeromycota to explore the diversity of AM fungal species
associated with maize and, if possible, authenticate the method applied
in this study. This applied method can also be used to initiate starter
cultures for bioinoculants in large-scale agricultural applications with the
advantage of being more readily adopted by farmers due to the lack of
requirement of a skilled technique in spore propagation.

Data availability statement

The original contributions presented in the study are included
in the article/Supplementary Material. Further inquiries can be
directed to the corresponding author.

Author contributions

SM-S: Conceptualization, Formal analysis, Methodology,
Writing - original draft. JD: Conceptualization, Methodology,
Supervision, Writing — review & editing.

Funding

The author(s) declare financial support was received for the
research, authorship, and/or publication of this article. This

References

Abdoulaye, A. O., Lu, H., Zhu, Y., Hamoud, Y. A,, and Sheteiwy, M. (2019). The
global trend of the net irrigation water requirement of maize from 1960 to 2050.
Climate 7, 1-19. doi: 10.3390/cli7100124

Alguacil, M. M., Lumini, E., Roldan, A., Salinas-Garcia, J. R., Bonfante, P., and
Bianciotto, V. (2008). The impact of tillage practices on arbuscular mycorrhizal fungal
diversity in subtropical crops. Ecol. Appl. 18, 527-536. doi: 10.1890/07-0521.1

Altschul, S. F., Madden, T. L., Schiffer, A. A., Zhang, J., Zhang, Z., Miller, W, et al.
(1997). A simple sequence repeat-based linkage map of barley. Nucleic Acids Res. 25,
3389-3402. doi: 10.1093/genetics/156.4.1997

Aslam, S, Tahir, A,, Aslam, M. F., Alam, M. W., Shedayi, A. A, and Sadia, S. (2017).
Recent advances in molecular techniques for the identification of phytopathogenic fungi — a
mini review. J. Plant Interact. 12, 493-504. doi: 10.1080/17429145.2017.1397205

Azcon-Aguilar, C., and Barea, J. M. (1997). Arbuscular mycorrhizas and biological
control of soil-borne plant pathogens - an overview of the mechanisms involved.
Mycorrhiza 6, 457-464. doi: 10.1007/s005720050147

Bainard, L. D., Koch, A. M., Gordon, A. M., and Klironomos, J. N. (2012). Temporal
and compositional differences of arbuscular mycorrhizal fungal communities in
conventional monocropping and tree-based intercropping systems. Soil Biol.
Biochem. 45, 172-180. doi: 10.1016/j.s0ilbio.2011.10.008

Baltruschat, H., Santos, V. M., da Silva, D. K. A,, Schellenberg, I, Deubel, A.,
Sieverding, E., et al. (2019). Unexpectedly high diversity of arbuscular mycorrhizal
fungi in fertile chernozem croplands in central europe. Catena 182, 104135.
doi: 10.1016/j.catena.2019.104135

Frontiers in Plant Science

10

10.3389/fpls.2024.1345229

research was funded by the Foundational Biodiversity
Information Programme—National Research Foundation,
German Academic Exchange Service, and Rhodes University.

Acknowledgments

We sincerely thank Mrs. Margot Brooks for the English
language review of this manuscript.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fpls.2024.1345229/
full#supplementary-material

Bargaz, A., Lyamlouli, K., Chtouki, M., Zeroual, Y., and Dhiba, D. (2018). Soil
microbial resources for improving fertilizers efficiency in an integrated plant nutrient
management system. Front. Microbiol. 9. doi: 10.3389/fmicb.2018.01606

Begerow, D., Nilsson, H., Unterseher, M., and Maier, W. (2010). Current state and
perspectives of fungal DNA barcoding and rapid identification procedures. Appl.
Microbiol. Biotechnol. 87, 99-108. doi: 10.1007/s00253-010-2585-4

Begum, N., Qin, C., Abass Ahanger, M., Raza, S., Khan, M. I, Ashraf, M., et al.
(2019). Role of arbuscular mycorrhizal fungi in plant growth regulation: implications in
abiotic stress tolerance. Front. Plant Sci. 10. doi: 10.3389/fpls.2019.01068

Bever, J. D., Schultz, P. A, Pringle, A., and Morton, J. B. (2001). Arbuscular
mycorrhizal fungi: more diverse than meets the eye, and the ecological tale of
why. BioScience 51, 923-932. doi: 10.1641/0006-3568(2001)051[0923:AMFMDT]
2.0.CO;2

Bi, Y. L, Li, X. L., Christie, P., Hu, Z. Q., and Wong, M. H. (2003). Growth and
nutrient uptake of arbuscular mycorrhizal maize in different depths of soil overlying
coal fly ash. Chemosphere 50, 863-869. doi: 10.1016/S0045-6535(02)00231-X

Brundrett, M. (1991). Mycorrhizas in Natural Ecosystems, in Advances in Ecological
Research. Elsevier Ltd. UK: Academic Press Limited, vol. 21. doi: 10.1016/S0065-2504
(08)60099-9

Brundrett, M. C. (2009). Mycorrhizal associations and other means of nutrition of
vascular plants: understanding the global diversity of host plants by resolving

conflicting information and developing reliable means of diagnosis. Plant Soil 320,
37-77. doi: 10.1007/s11104-008-9877-9

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fpls.2024.1345229/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fpls.2024.1345229/full#supplementary-material
https://doi.org/10.3390/cli7100124
https://doi.org/10.1890/07-0521.1
https://doi.org/10.1093/genetics/156.4.1997
https://doi.org/10.1080/17429145.2017.1397205
https://doi.org/10.1007/s005720050147
https://doi.org/10.1016/j.soilbio.2011.10.008
https://doi.org/10.1016/j.catena.2019.104135
https://doi.org/10.3389/fmicb.2018.01606
https://doi.org/10.1007/s00253-010-2585-4
https://doi.org/10.3389/fpls.2019.01068
https://doi.org/10.1641/0006-3568(2001)051[0923:AMFMDT]2.0.CO;2
https://doi.org/10.1641/0006-3568(2001)051[0923:AMFMDT]2.0.CO;2
https://doi.org/10.1016/S0045-6535(02)00231-X
https://doi.org/10.1016/S0065-2504(08)60099-9
https://doi.org/10.1016/S0065-2504(08)60099-9
https://doi.org/10.1007/s11104-008-9877-9
https://doi.org/10.3389/fpls.2024.1345229
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Mausse-Sitoe and Dames

Brundrett, M., and Juniper, S. (1995). Non-destructive assessment of spore
germination of VAM fungi and production of pot cultures from single spores. Soil
Viol. Biochem. 27 (I), 85-91.

Bruns, T. D., White, T. J., and Taylor, J. W. (1991). Fungal molecular systematics.
Annu. Rev. Ecol. Systematics 22, 525-564. doi: 10.1146/annurev.es.22.110191.002521

Cairns, J. E., Sonder, K., Zaidi, P. H., Verhulst, N., Mahuku, G., Babu, R,, et al. (2012).
Maize Production in a Changing Climate. Impacts, Adaptation, and Mitigation
Strategies.”,” in Advances in Agronomy, vol. 114 . Ed. D. L. Sparks (Elsevier Inc,

Amsterdam), 1-58. doi: 10.1016/B978-0-12-394275-3.00006-7

Chen, J., Xu, W., Velten, J., Xin, Z., and Stout, J. (2012). Characterization of maize
inbred lines for drought and heat tolerance. J. Soil Water Conserv. 67, 354-364.
doi: 10.2489/jswc.67.5.354

Chen, M., Arato, M., Borghi, L., Nouri, E., and Reinhardt, D. (2018). Beneficial
services of arbuscular mycorrhizal fungi - from ecology to application. Front. Plant Sci.
9. doi: 10.3389/fpls.2018.01270

Clapp, J. P., Rodriguez, A., and Dodd, J. C. (2001). Inter-and intra-isolate RRNA
large subunit variation in glomus coronatum spores. New Phytol. 149, 539-554.

Clapp, J. P, Young, J. P. W., Merryweather, J. W., and Fitter, A. H. (1995). Diversity
of fungal symbionts in arbuscular mycorrhizas from a natural community. New Phytol.
130, 259-265. doi: 10.1111/j.1469-8137.1995.tb03047.x

Dai, W., Chen, X., Wang, X, Xu, Z., Gao, X,, Jiang, C., et al. (2018). The Algicidal
Fungus Trametes Versicolor F2la Eliminating Blue Algae via Genes Encoding
Degradation Enzymes and Metabolic Pathways The Algicidal Fungus Trametes
Versicolor F21a Eliminating Blue Algae via Genes Encoding Degradation Enzymes
and Metabolic Pa. Front. Microbiol. 9. doi: 10.3389/fmicb.2018.00826

Daisog, H., Sbrana, C., Cristani, C., Moonen, A. C., Giovannetti, M., and Barberi, P.
(2012). Arbuscular mycorrhizal fungi shift competitive relationships among crop and
weed species. Plant Soil 353, 395-408. doi: 10.1007/s11104-011-1040-3

Dar, R. A, Dar, E. A, Kaur, A, and Phutela, U. G. (2018). Sweet sorghum-a
promising alternative feedstock for biofuel production. Renewable Sustain. Energy Rev.
82, 4070-4090. doi: 10.1016/j.rser.2017.10.066

Dodd, J. C., Rosendahl, S., Giovannetti, M., Broome, A., Lanfranco, L., and Walker,
C. (1996). Inter- and intraspecific variation within the morphologically-similar
arbuscular mycorrhizal fungi glomus mosseae and glomus coronatum. New Phytol.
133, 113-132. doi: 10.1111/j.1469-8137.1996.tb04347.x

Douds, D. D.Jr., and Millner, P. D. (1999). Biodiversity of arbuscular mycorrhizal
fungi in agroecosystems. Agriculture Ecosyst. Environ. 74, 77-93. doi: 10.1016/S0167-
8809(99)00031-6

Douds, D. D., Nagahashi, G., Pfeffer, P. E., Reider, C., and Kayser, W. M. (2006). On-
farm production of AM fungus inoculum in mixtures of compost and vermiculite.
Bioresource Technol. 97, 809-818. doi: 10.1016/j.biortech.2005.04.015

Edgar, R. C. (2004a). MUSCLE: A multiple sequence alignment method with reduced
time and space complexity. BMC Bioinf. 5, 1-19. doi: 10.1186/1471-2105-5-113

Edgar, R. C. (2004b). MUSCLE: multiple sequence alignment with high accuracy and
high throughput. Nucleic Acids Res. 32, 1792-1797. doi: 10.1093/nar/gkh340

El-Sawah, A. M., Abdel-Fattah, G. G., Holford, P., Korany, S. M., Alsherif, E. A,
AbdElgawad, H., et al. (2023). Funneliformis constrictum modulates polyamine
metabolism to enhance tolerance of zea mays L. @ to salinity. Microbiological Res.
266, 1-14. doi: 10.1016/j.micres.2022.127254

Enkhtuya, B., Rydlova, J., and Vosatka, M. (2000). Effectiveness of indigenous and
non-indigenous isolates of arbuscular mycorrhizal fungi in soils from degraded
ecosystems and man-made habitats. Appl. Soil Ecol. 14, 201-211.

Fall, A. F., Nakabonge, G., Ssekandi, J., Founoune-mboup, H., Badji, A., Balde, I,
et al. (2022). Diversity of arbuscular mycorrhizal fungi associated with maize in the
eastern part of Uganda. Biol. Life Sci. Forum 15, 1-12.

e

Felsenstein, J. (1985). Confidence limits on phylogenies :
bootstrap. Evolution 39, 783-791.

Gao, C,, Sheteiwy, M. S., Han, J., Dong, Z., Pan, R,, Guan, Y., et al. (2020). Polyamine
biosynthetic pathways and their relation with the cold tolerance of maize (Zea mays L.)
seedlings. Plant Signaling Behav. 15, 1-10. doi: 10.1080/15592324.2020.1807722

Gao, X., Wang, C,, Dai, W,, Ren, S, Tao, F,, He, X,, et al. (2017). Proteomic analysis
reveals large amounts of decomposition enzymes and major metabolic pathways
involved in algicidal process of trametes versicolor F2la. Sci. Rep. 7, 3-12.
doi: 10.1038/s41598-017-04251-1

Gerdemann, J. W., and Trappe, J. M. (1974). The Endogonaceae in the Pacific
Northwest. Mycologia Memoir No. 5. Vol. 30 (New York: The New York Botanical
Garden). doi: 10.2307/4102919

Getenga, Z. M., Dorfler, U., Reiner, S., and Sabine, K. (2004). Determination of a
Suitable Sterilization method for soil in isoproturon biodegradation studies. Bull.
Environ. Contamination Toxicol. 72, 415-421.

Goswami, R., Parakhia, B. M. V., Golakiya, B. A., and Kothari,, C. R. (2018).
Morphological and molecular identification of arbuscular mycorrhizal (AM) fungi. Int.
J. Curr. Microbiol. Appl. Sci. 7, 2336-2475. doi: 10.20546/ijcmas.2018.701.282

Hata, S., Kobae, Y., and Banba, M. (2010). ““Interactions between Plants and
Arbuscular Mycorrhizal Fungi.”,” in International Review of Cell and Molecular
Biology, Ist ed, vol. 281. (Elsevier Inc, Nagaya, Japan), 1-48. doi: 10.1016/S1937-6448

(10)81001-9

an approach using the

Frontiers in Plant Science

11

10.3389/fpls.2024.1345229

He, F., Shen, H., Lin, C.,, Fu, H., Sheteiwy, M. S., Guan, Y., et al. (2017).
Transcriptome analysis of chilling-imbibed embryo revealed membrane recovery
related genes in maize. Front. Plant Sci. 7. doi: 10.3389/fpls.2016.01978

Helgason, T., Merryweather, J. W., Denison, J., Wilson, P., Young, J. P. W., and
Fitter, A. H. (2002). Selectivity and functional diversity in arbuscular mycorrhizas of
co-occurring fungi and plants from a temperate deciduous woodland. J. Ecol. 90, 371-
384. doi: 10.1046/j.1365-2745.2001.00674.x

Hijri, L, Sykorova, Z., Oehl, F., Ineichen, K., Mader, P., Wiemken, A., et al. (2006).
Communities of arbuscular mycorrhizal fungi in arable soils are not necessarily low in
diversity. Mol. Ecol. 15, 2277-2289. doi: 10.1111/j.1365-294X.2006.02921.x

Hoeksema, J. D., Chaudhary, V. B., Gehring, C. A., Johnson, N. C,, Karst, J., Koide, R.
T., et al. (2010). A meta-analysis of context-dependency in plant response to
inoculation with mycorrhizal fungi. Ecol. Lett. 13, 394-407. doi: 10.1111/j.1461-
0248.2009.01430.x

IJdo, M., Cranenbrouck, S., and Declerck, S. (2011). Methods for large-scale
production of AM fungi: past, present, and future. Mycorrhiza 21, 1-16.
doi: 10.1007/s00572-010-0337-z

Iwen, P. C, Hinrichs, S. H.,, and Rupp, M. E. (2002). Utilization of the internal
transcribed spacer regions as molecular targets to detect and identify human fungal
pathogens. Med. Mycology 40, 87-109. doi: 10.1080/mmy.40.1.87.109

Jakobsen, L., Abbott, L. K., and Robson, A. D. (1992). External hyphae of vesicular-
arbuscular mycorrhizal fungi associated with trifolium subterraneum L. New Phytol.
120, 371-380. doi: 10.1111/j.1469-8137.1992.tb01077.x

Jakobsen, I., and Rosendahl, L. (1990). Carbon flow into soil and external hyphae
from roots of mycorrhizal cucumber plants. New Phytol. 115, 77-83. doi: 10.1111/
j.1469-8137.1990.tb00924.x

Jansa, J., Mozafar, A., Anken, T., Ruh, R., Sanders, I. R., and Frossard, E. (2002).
Diversity and structure of AMF communities as affected by tillage in a temperate soil.
Mpycorrhiza 12, 225-234. doi: 10.1007/s00572-002-0163-z

Josserand, A. (1983). Apport de l'immunofluorescence a I'etude écologique des germes
nitrifiants (genre nitrobacter) (France: University of Lyon).

Kariman, K., Moreira-Grez, B., Scanlan, C., Rahimlou, S., Boitt, G., and Rengel, Z.
(2022). Synergism between feremycorrhizal symbiosis and free-living diazotrophs leads
to improved growth and nutrition of wheat under nitrogen deficiency conditions. Biol.
Fertility Soils 58, 121-133. doi: 10.1007/s00374-021-01616-7

Katta, J. R. (2016). Evaluating Photosynthetic Responses of Sorghum (Grain & Forage)
and Soybean to Temperature Stress (USA: Oklahoma State University).

Kehri, H. K., Akhtar, O., Zoomi, I, and Pandey, D. (2018). Arbuscular mycorrhizal
fungi: taxonomy and its systematics. Int. J. Life Sci. Res. 6, 58-71.

Kornerup, A., and Wanscher, J. H. (1983). Methuen handbook of colour. 3rd english
edition, revised (London: Methuen & Co.).

Koske, R. E., and Tessier, B. (1983). A convenient, permanent slide mounting
medium. Mycological Soc. America Newsletter. 34 (2), 59.

Kriiger, M., Stockinger, H., Kriiger, C., and SchiifSler, A. (2009). DNA-based species
level detection of glomeromycota: One PCR primer set for all arbuscular mycorrhizal
fungi. New Phytol. 183 (1), 212-223.

Kumar, S,, Stecher, G., Li, M., Knyaz, C., and Tamura, K. (2018). MEGA X: molecular
evolutionary genetics analysis across computing platforms. Mol. Biol. Evol. 35, 1547—
1549. doi: 10.1093/molbev/msy096

Lee, J., Lee, S., and Young, J. P. W. (2008). Improved PCR primers for the detection
and identification of arbuscular mycorrhizal fungi. FEMS Microbiol. Ecol. 65, 339-349.
doi: 10.1111/j.1574-6941.2008.00531.x

Lee, J., Park, S. H., and Eom, A. H. (2006). Molecular identification of arbuscular
mycorrhizal fungal spores collected in korea. Mycobiology 34, 7-13. doi: 10.4489/
myco.2006.34.1.007

Lekberg, Y., Vasar, M., Bullington, L. S., Sepp, S. K., Antunes, P. M., Bunn, R,, et al.
(2018). More bang for the buck? Can arbuscular mycorrhizal fungal communities be
characterized adequately alongside other fungi using general fungal primers? New
Phytol. 220, 971-976. doi: 10.1111/nph.15035

Lobell, D. B., Banziger, M., Magorokosho, C., and Vivek, B. (2011). Nonlinear heat
effects on african maize as evidenced by historical yield trials. Nat. Climate Change 1,
42-45. doi: 10.1038/nclimate1043

Li, P. P., Zheng, Y., Chen, L., Ji, N. N, Yao, H., Maitra, P., et al. (2020). Irrigation and
fertilization effects on arbuscular mycorrhizal fungi depend on growing season in a
dryland maize agroecosystem. Pedobiologia - ]. Soil Ecol. 83, 150687. doi: 10.1016/
j.pedobi.2020.150687

Luginbuehl, L., Menard, G. N., Kurup, S., Erp, H. V., Radhakrishnan, G. V.,
Breakspear, A., et al. (2017). Fatty acids in arbuscular mycorrhizal fungi
are synthesized by the host plant leonie. Science 356, 1175-1178. doi: 10.1038/
nrmicrol987

Lv, Y, Liang, Z., Ge, M., Qi, W., Zhang, T., Lin, F, et al. (2016). Genome-wide
identification and functional prediction of nitrogen-responsive intergenic and intronic
long non-coding RNAs in maize (Zea mays L.). BMC Genomics 17, 1-15. doi: 10.1186/
§12864-016-2650-1

Mathimaran,N., Ruh, R, Jama, B., Verchot, L., Frossard, E., and Jansa, J. (2007). Impact of
agricultural management on arbuscular mycorrhizal fungal communities in Kenyan
ferralsol. Agriculture Ecosyst. Environ. 119, 22-32. doi: 10.1016/j.agee.2006.06.004

frontiersin.org


https://doi.org/10.1146/annurev.es.22.110191.002521
https://doi.org/10.1016/B978-0-12-394275-3.00006-7
https://doi.org/10.2489/jswc.67.5.354
https://doi.org/10.3389/fpls.2018.01270
https://doi.org/10.1111/j.1469-8137.1995.tb03047.x
https://doi.org/10.3389/fmicb.2018.00826
https://doi.org/10.1007/s11104-011-1040-3
https://doi.org/10.1016/j.rser.2017.10.066
https://doi.org/10.1111/j.1469-8137.1996.tb04347.x
https://doi.org/10.1016/S0167-8809(99)00031-6
https://doi.org/10.1016/S0167-8809(99)00031-6
https://doi.org/10.1016/j.biortech.2005.04.015
https://doi.org/10.1186/1471-2105-5-113
https://doi.org/10.1093/nar/gkh340
https://doi.org/10.1016/j.micres.2022.127254
https://doi.org/10.1080/15592324.2020.1807722
https://doi.org/10.1038/s41598-017-04251-1
https://doi.org/10.2307/4102919
https://doi.org/10.20546/ijcmas.2018.701.282
https://doi.org/10.1016/S1937-6448(10)81001-9
https://doi.org/10.1016/S1937-6448(10)81001-9
https://doi.org/10.3389/fpls.2016.01978
https://doi.org/10.1046/j.1365-2745.2001.00674.x
https://doi.org/10.1111/j.1365-294X.2006.02921.x
https://doi.org/10.1111/j.1461-0248.2009.01430.x
https://doi.org/10.1111/j.1461-0248.2009.01430.x
https://doi.org/10.1007/s00572-010-0337-z
https://doi.org/10.1080/mmy.40.1.87.109
https://doi.org/10.1111/j.1469-8137.1992.tb01077.x
https://doi.org/10.1111/j.1469-8137.1990.tb00924.x
https://doi.org/10.1111/j.1469-8137.1990.tb00924.x
https://doi.org/10.1007/s00572-002-0163-z
https://doi.org/10.1007/s00374-021-01616-7
https://doi.org/10.1093/molbev/msy096
https://doi.org/10.1111/j.1574-6941.2008.00531.x
https://doi.org/10.4489/myco.2006.34.1.007
https://doi.org/10.4489/myco.2006.34.1.007
https://doi.org/10.1111/nph.15035
https://doi.org/10.1038/nclimate1043
https://doi.org/10.1016/j.pedobi.2020.150687
https://doi.org/10.1016/j.pedobi.2020.150687
https://doi.org/10.1038/nrmicro1987
https://doi.org/10.1038/nrmicro1987
https://doi.org/10.1186/s12864-016-2650-1
https://doi.org/10.1186/s12864-016-2650-1
https://doi.org/10.1016/j.agee.2006.06.004
https://doi.org/10.3389/fpls.2024.1345229
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Mausse-Sitoe and Dames

Morton, J. B., and Benny, G. L. (1990). Revised classification of arbuscular
mycorrhizal fungi (Zygomycetes): A new order, glomales, two new suborders,
glomineae and gigasporineae,and two new families, acaulosporaceae and
gigasporaceae, with an emendation of glomaceae. Mycotaxon 37, 471-491.

Mtambanengwe, F., and Mapfumo, P. (2009). Combating food insecurity on sandy
soils in Zimbabwe: the legume challenge. Symbiosis 48, 25-36. doi: 10.1007/
BF03179982

Nonomura, N., Kawada, Y., Minamiya, Y., Hayakawa, H., Fukuda, T., Kang, Y., et al.
(2011). Molecular identification of arbuscular mycorrhizal fungi colonizing athyrium
yokoscense of the ikuno mine site, Japan. J. Japanese Bot. 86, 73-81.

Nord, E. A., and Lynch, J. P. (2009). Plant phenology: A critical controller of soil
resource acquisition. J. Exp. Bot. 60, 1927-1937. doi: 10.1093/jxb/erp018

Oehl, F,, Sieverding, E., Ineichen, K., Mader, P., Boller, T., and Wiemken, A. (2003).
Impact of land use intensity on the species diversity of arbuscular mycorrhizal fungi in
agroecosystems of central europe. Appl. Environ. Microbiol. 69, 2816-2824.
doi: 10.1128/AEM.69.5.2816-2824.2003

Oehl, F,, Sieverding, E., Méder, P., Dubois, D., Ineichen, K., Boller, T., et al. (2004).
Impact of long-term conventional and organic farming on the diversity of arbuscular
mycorrhizal fungi. Oecologia 138, 574-583. doi: 10.1007/s00442-003-1458-2

Okalebo, J. R, Gathua, K. W, and Paul, L. W. (2002). Laboratory Methods of Soil and
Plant Analysis: A Working Manual. SACRED Africa, Kenya Any. 2nd Editio (Nairobi,
Kenya: TSBE-CIAT and SACRED Africa).

Omar, M. B, Bollan, L., and Heather, W. A. (1979). A permanent mounting medium
for fungi. Bull. Br. Mycol Soc. 13, 31-32.

Overby, S. T., Owen, S. M., Hart, S. C,, Neary, D. G., and Johnson, N. C. (2015). Soil
microbial community resilience with tree thinning in a 40-year-old experimental
ponderosa pine forest. Appl. Soil Ecol. 93, 1-10. doi: 10.1016/j.apsoil.2015.03.012

Panwar, ], Tarafdar, J. C,, Yadav, R. S, Saini, V. K,, Aseri, G. K,, and Vyas, A. (2007).
Technique for visual demonstration of germinating arbuscular mycorrhizal spores and their
multiplication in pots. J. Plant Nutr. Soil Sci. 170, 659-663. doi: 10.1002/jpIn.200625159

Perez-Lamarque, B., Opik, M., Maliet, O., Afonso Silva, A. C., Selosse, M. A., Martos,
F., etal. (2022). Analysing diversification dynamics using barcoding data: the case of an
obligate mycorrhizal symbiont. Mol. Ecol. 31, 3496-3512. doi: 10.1111/mec.16478

Pettigrew, W. T. (2008). Potassium influences on yield and quality production for
maize, wheat, soybean and cotton. Physiologia Plantarum 133, 670-681. doi: 10.1111/
j.1399-3054.2008.01073.x

Plett, K. L. (2018). Fresh knowledge for an old relationship: new discoveries in
molecular mycorrhizal research. New Phytol. 217, 26-28. doi: 10.1111/nph.14875

Pringle, A., and Bever, J. D. (2002). Divergent phenologies may facilitate the
coexistence of arbuscular mycorrhizal fungi in a north carolina grassland. Am. J. Bot.
89, 1439-1446. doi: 10.3732/ajb.89.9.1439

Raja, H. A, Miller, A. N., Pearce, C. J., and Oberlies, N. H. (2017). Fungal
identification using molecular tools: A primer for the natural products research
community. J. Natural Products 80, 756-770. doi: 10.1021/acs.jnatprod.6b01085

Rajaratnam, S., and Thiagarajan, T. (2012). Molecular characterization of wild
mushroom. Eur. J. Exp. Biol. 2, 369-373.

Redecker, D., Schiifiler, A., Stockinger, H., Stiirmer, S. L., Morton, J. B., and Walker,
C. (2013). An evidence-based consensus for the classification of arbuscular mycorrhizal
fungi (Glomeromycota). Mycorrhiza 23, 515-531. doi: 10.1007/s00572-013-0486-y

Saitou, N., and Nei, M. (1987). The neighbor-joining method: A new method for
reconstructing phylogenetic trees’. Mol. Biol. Evol. 4, 406-425.

Sile, V., Aguilera, P., Laczko, E., Mider, P., Berner, A., Zihlmann, U,, et al. (2015).
Impact of conservation tillage and organic farming on the diversity ofarbuscular
mycorrhizal fungi. Soil Biol. Biochem. 84, 38-52. doi: 10.1016/j.s0ilbi0.2015.02.005

»

Sanders, I. R. (2003). “Specificity in the Arbuscular Mycorrhizal Symbiosis”,” in
Mycorrhizal Ecology, Ist ed. Eds M. G. A. Heijden and L. R. Sanders (Springer Berlin
Heidelberg, Germany), 415-437.

Sanders, 1. R. (2004). Plant and Arbuscular mycorrhizal fungal diversity - are we
looking at the relevant levels of diversity and we using the right techniques? New Phytol.
164, 415-418. doi: 10.1111/j.1469-8137.2004.01207.x

Sasvari, Z., Hornok, L., and Posta, K. (2011). The community structure of arbuscular
mycorrhizal fungi in roots of maize grown in a 50-year monoculture. Biol. Fertility Soils
47, 167-176. doi: 10.1007/s00374-010-0519-z

Schenck, N. C. (1982). Methods and Principles of Mycorrhizal Research (USA:
American Phytopathological Society, University of Minnesota). doi: 10.2307/3792670

Schenck, N. C., and Perez, Y. (1990). Manual for Identification of Vesicular
Arbuscular Mycorrhizal Fungi (Gainesville: INVAM).

Schloss, P. D., and Handelsman, J. (2005). Introducing DOTUR, a computer
program for defining operational taxonomic units and estimating species richness.
Appl. Environ. Microbiol. 71, 1501-1506. doi: 10.1128/AEM.71.3.1501-1506.2005

Schiifiler, A., and Walker, C. (2010). The glomeromycota: A Species List with New
Families and New Genera (England: Gloucester).

Frontiers in Plant Science

12

10.3389/fpls.2024.1345229

Selvakumar, G., Shagol, C. C., Kang, Y., Chung, B. N,, Han, S. G, and Sa, T. M. (2018).
Arbuscular mycorrhizal fungi spore propagation using single spore as atarter inoculum
and a plant host. Int. J. Lab. Hematol. 124, 1556-1565. doi: 10.1111/ijlh.12426

Sheteiwy, M. S., El-Sawah, A. M., Kobae, Y., Basit, F., Holford, P., Yang, H., et al.
(2023). The effects of microbial fertilizers application on growth, yield and some
biochemical changes in the leaves and seeds of guar (Cyamopsis tetragonoloba L.). Food
Res. Int. 172, 1-14. doi: 10.1016/j.foodres.2023.113122

Sheteiwy, M. S., El-Sawah, A. M., Korany, S. M., Alsherif, E. A., Mowafy, A. M., Chen,
J., et al. (2022). Arbuscular mycorrhizal fungus ‘Rhizophagus irregularis’ Impacts on
physiological and biochemical responses of ryegrass and chickpea plants under
beryllium stress. Environ. pollut. 315, 1-13. doi: 10.1016/j.envpol.2022.120356

Smith, S., and Dickson, S. (1997). VA Mycorrhizas : Basic Research Techniques
(Australia: Adelaide).
Smith, S. E., and Read, D. J. (2002). ““Colonization of Roots and Anatomy of VA

Mycorrhizas.”,” in Mycorrhizal Symbiosis. Elsevier Ltd. USA: Academic Press Limited,
33-II. doi: 10.1016/b978-012652840-4/50003-6

Smith, S. E., and Read, D. J. (2008). Mycorrhizal Simbiosos (Great Britain: Elsevier Ltd).

Sreedasyam, A., Plott, C., MdS Hossain, J. T., Lovell, J. T., Grimwood, J., Jenkins, J.
W., et al. (2023). JGI plant gene atlas: an updateable transcriptome resource to improve
functional gene descriptions across the plant kingdom. Nucleic Acids Res. 51, 1-24.
doi: 10.1093/nar/gkad616

Stecher, G., Tamura, K., and Kumar, S. (2020). Molecular evolutionary genetics
analysis (MEGA) for macOS. Mol. Biol. Evol. 37, 1237-1239. doi: 10.1093/molbev/
msz312

Stirmer, S. L., and Morton, J. B. (1997). Developmental patterns defining
morphological characters in spores of four species in glomus. Mycologia 89 (1), 72-81.

Tisserant, B., Brenac, V., Requena, N., and Jeffries, P. (1998). The detection of glomus
spp. (Arbuscular mycorrhizal fungi) forming mycorrhizas in three plants, at different stages
of seedling development, using mycorrhiza-specific isozymes. New Phytol. 138 (2), 225—
239.

Tobolbai, R., Adamou, S., and Ngakou, A. (2018). Morphological and structural
diversities of indigenous endomycorrhiza communities associated to maize [Zea mays
(L.)] in northern Cameroonian soils. J. Anim. Plant Sci. 38 (1), 6057-6073.

Toledo, A. V., Simurro, M. E., and Balatti, P. A. (2013). Morphological and molecular
characterization of a fungus, hirsutella sp., isolated from planthoppers and psocids in
Argentina. J. Insect Sci. 13, 1-11. doi: 10.1673/031.013.1801

Varela-Cervero, S., Lopez-Garcia, A., Barea, J. M., and Azcon-Aguilar, C. (2016).
Spring to autumn changes in the arbuscular mycorrhizal fungal community
composition in the different propagule types associated to a mediterranean
shrubland. Plant Soil 408, 107-120. doi: 10.1007/s11104-016-2912-3

Vizzini, A., Consiglio, G., and Setti, L. (2020). Testing spore amyloidity in agaricales
under light microscope: the case study of tricholoma. IMA Fungus 11, 1-20.
doi: 10.1186/s43008-020-00046-8

Walker, C,, and Sanders, F. F. (1986). Taxonomic concepts in the endogonaceae: iii. the
separation of scutellospora gen. Nov. from gigaspora gerd. & Trappe. Mycotaxon 27, 169-182.

Walker, C., and Vestberg, M. (1998). Synonymy amongst the arbuscular mycorrhizal
fungi: glomus claroideum, G. Maculosum, G. Multisubstenum and G. Fistulosum. Ann.
Bot. 82, 601-624. doi: 10.1006/anbo.1998.0714

Walker, C. (1983). Taxonomic concepts in the endogonaceae: spore wall
characteristics in species descriptions. Mycotaxon 18 (2), 443-455.

Westcott, S. L., and Schloss, P. D. (2017). OptiClust, an improved method for
assigning amplicon-based sequence data to operational taxonomic units. Ecol.
Evolutionary Sci. 2, 1-11. doi: 10.1128/mspheredirect.00073-17

White, T. J., Bruns, T. D., Lee, S. B., and Taylor, J. W. (1990). “Amplification and
direct Sequencing of Fungal Ribosomal RNA Genes for Phylogenetics.”,” in PCR
Protocols: A Guide to Methods and Applications (Elsevier Ltd. USA: Academic Press
Limited), 315-322.

Whiteside, M. D., Treseder, K. K., and Atsatt, P. R. (2009). The brighter side of soils :
quantum dots track organic nitrogen through fungi and plants. Ecology 90, 100-108.

Wipf, D., Fribourg, A., Munch, J. C,, Button, B., and Buscot, F. (1999). Diversity of
the internal transcribed spacer of RDNA in morels. Can. J. Microbiol. 45, 769-778.
doi: 10.1139/w99-070

Yang, H,, Fang, C, Li, Y., Wu, Y,, Fransson, P., Rillig, M. C,, et al. (2022). Temporal
complementarity between roots and mycorrhizal fungi drives wheat nitrogen use
efficiency. New Phytol. 236, 1168-1181. doi: 10.1111/nph.18419

Young, J. W. (2012). A molecular guide to the taxonomy of arbuscular mycorrhizal
fungi. New Phytol. 193, 823-826. doi: 10.1111/j.1469-8137.2011.04029.x

Zhao, F., Zhang, D., Zhao, Y., Wang, W., Yang, H,, Ta, F., et al. (2016). The difference
of physiological and proteomic changes in maize leaves adaptation to drought, heat,
and combined both stresses. Front. Plant Sci. 7. doi: 10.3389/fpls.2016.01471

Zorb, C., Senbayram, M., and Peiter, E. (2014). Potassium in agriculture - status and
perspectives. J. Plant Physiol. 171, 656-669. doi: 10.1016/j.jplph.2013.08.008

frontiersin.org


https://doi.org/10.1007/BF03179982
https://doi.org/10.1007/BF03179982
https://doi.org/10.1093/jxb/erp018
https://doi.org/10.1128/AEM.69.5.2816-2824.2003
https://doi.org/10.1007/s00442-003-1458-2
https://doi.org/10.1016/j.apsoil.2015.03.012
https://doi.org/10.1002/jpln.200625159
https://doi.org/10.1111/mec.16478
https://doi.org/10.1111/j.1399-3054.2008.01073.x
https://doi.org/10.1111/j.1399-3054.2008.01073.x
https://doi.org/10.1111/nph.14875
https://doi.org/10.3732/ajb.89.9.1439
https://doi.org/10.1021/acs.jnatprod.6b01085
https://doi.org/10.1007/s00572-013-0486-y
https://doi.org/10.1016/j.soilbio.2015.02.005
https://doi.org/10.1111/j.1469-8137.2004.01207.x
https://doi.org/10.1007/s00374-010-0519-z
https://doi.org/10.2307/3792670
https://doi.org/10.1128/AEM.71.3.1501-1506.2005
https://doi.org/10.1111/ijlh.12426
https://doi.org/10.1016/j.foodres.2023.113122
https://doi.org/10.1016/j.envpol.2022.120356
https://doi.org/10.1016/b978-012652840-4/50003-6
https://doi.org/10.1093/nar/gkad616
https://doi.org/10.1093/molbev/msz312
https://doi.org/10.1093/molbev/msz312
https://doi.org/10.1673/031.013.1801
https://doi.org/10.1007/s11104-016-2912-3
https://doi.org/10.1186/s43008-020-00046-8
https://doi.org/10.1006/anbo.1998.0714
https://doi.org/10.1128/mspheredirect.00073-17
https://doi.org/10.1139/w99-070
https://doi.org/10.1111/nph.18419
https://doi.org/10.1111/j.1469-8137.2011.04029.x
https://doi.org/10.3389/fpls.2016.01471
https://doi.org/10.1016/j.jplph.2013.08.008
https://doi.org/10.3389/fpls.2024.1345229
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

	Characterization of arbuscular mycorrhizal fungal species associating with Zea mays
	1 Introduction
	2 Materials and methods
	2.1 Soil sampling and treatments
	2.2 Trap culture
	2.2.1 Single spore trap culture
	2.2.2 Direct PCR amplification of single spore

	2.3 Microscopy survey
	2.4 Data analysis

	3 Results
	3.1 Single spore identification
	3.2 Morphological characterization of AM fungi

	4 Discussion
	5 Conclusion
	Data availability statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher’s note
	Supplementary material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


