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The potato (Solanum tuberosum L.) is an important tuber crop with high dietary value that

could potentially help to alleviate malnutrition and hunger in Africa. However, production

is expensive, with high fertilizer and pesticide demands that lead to environmental

pollution, and tillage practices that negatively affect soil structure. Microorganisms of

different types have increasingly been found to be useful as biofertilizers, and arbuscular

mycorrhizal (AM) fungi are an important crop symbiont. AM fungi have been shown

to increase tolerance of crop plants to drought, salinity and disease by facilitating

water and nutrient acquisition and by improving overall soil structure. However, the

establishment and maintenance of the symbioses are greatly affected by agricultural

practices. Here, we review the benefits that AM fungi confer in potato production, discuss

the role and importance of mycorrhiza helper bacteria, and focus on how AM fungal

diversity and abundance can be affected by conventional agricultural practices, such as

those used in potato production. We suggest approaches for maintaining AM fungal

abundance in potato production by highlighting the potential of conservation tillage

practices augmented with cover crops and crop rotations. An approach that balances

weed control, nutrient provision, and AM fungal helper bacterial populations, whilst

promoting functional AM fungal populations for varying potato genotypes, will stimulate

efficient mycorrhizal interventions.

Keywords: potato, symbiotic benefits, drought and salinity, soil management, mycorrhizospheric interactions,

chemicals and fertilizers, sustainability

INTRODUCTION

The potato (Solanum tuberosum L.), also known as the “Hidden Treasure,” is the most important
non-cereal crop in the world (Ezekiel et al., 2013). In Africa, it is ranked 4th after wheat, maize and
rice (Ezekiel et al., 2013; Dreyer, 2017). According to FAOSTAT (2020a), potato production within
the continent rose by 90% between 2002 and 2018 (Figure 1), spanning 42 African countries on an
estimated 1.9 million ha of arable land (FAOSTAT, 2020a). This contrasts with Europe, where there
has been a downward trend in potato production from 221 million tons in 1961 to 105 million
tons in 2018 (FAOSTAT, 2020a). In Africa, potato production is carried out by small-holder and
commercial farmers, for household consumption and exportation, respectively (Gildemacher et al.,
2009; Haverkort et al., 2013). The production and processing of potatoes provides employment for
many in Africa, whilst the capacity to export them offers opportunities to earn foreign currency
for economic development. In developing countries such as those in Africa, potatoes are mainly
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FIGURE 1 | Potato production from 1961–2018, which shows an increased

demand over the years. In 2018, 26,041,721 tons of potatoes were produced.

The most dramatic change of 90% was realized between 2002 and 2018

(FAOSTAT, 2020a).

produced for their carbohydrate content. Potatoes can provide
130 Kcal of energy per individual every day (Ezekiel et al.,
2013) with 100 g of baked potato (with its skin) providing
390 kJ of energy (Zaheer and Akhtar, 2016). Since one plant
can produce many tubers, the potato provides more energy
per plant compared to other staple crops (Ezekiel et al.,
2013). The potato also contains no fat but has a considerable
amount of protein, which is necessary for human growth
and development (Wijesinha-Bettoni and Mouillé, 2019). The
protein content is, however, dependent on variety, there being
over 5000 potato varieties with varying degrees of nutritional
value (Burlingame et al., 2009). This genetic diversity facilitates
successful cultivation of potatoes in various agro-ecological
regions across the continent (Dreyer, 2017), making it unique
compared to other less diverse crops (Pathak et al., 2017).

Africa is home to 260 million undernourished people, 90%
being in Sub-Saharan Africa (FAO, 2019). Potatoes provide
vitamins C, B6 and E, iron (Fe), magnesium (Mg), phosphorus
(P), potassium (K) and thiamine, which are all vital for human
nutrition (Andre et al., 2014; Zaheer and Akhtar, 2016). They
provide dietary fiber (through the potato skin), carotenoids,
flavonoids, folate and phenolic compounds (Burlingame et al.,
2009; Zaheer and Akhtar, 2016). These confer anti-diabetic
and anti-cancer properties, in addition to helping to combat
chronic skin inflammations and hepatic damage. They have also
been reported to reduce the toxicity of cholesterol oxidation
products, the incidence of hypertension, heart diseases and
neurodegenerative diseases, among others (Duthie et al., 2000;
Singh et al., 2008; Burlingame et al., 2009; Arun et al., 2015;
Yang et al., 2015). As a major component of the diets of many

Abbreviations: ABA, Abscisic acid; AM, Arbuscular mycorrhizal; CT,
conventional tillage; NT, no-tillage; PAM, Periarbuscular membrane; PPA,
Penetration Apparatus; ROS, Reactive Oxygen Species; RT, Reduced Tillage.

people of Africa and others worldwide, the potato can contribute
toward the Sustainable Development Goal 2, which strives to
“End hunger, achieve food security and improve nutrition and
promote sustainable agriculture” by 2030 (FAO et al., 2019).

Various initiatives have been set up to promote efficient and
high yield potato production, particularly in sub-Saharan Africa.
Prominent among them is the CGIAR project for Root, Tuber
and Banana (RTB) research, which was initiated to provide high-
quality seed potato for planting (Harahagazwe et al., 2018). Other
initiatives include non-profit organizations such as the African
Potato Association and Potatoes South Africa.

Production of large quantities of high-quality potatoes to meet
these goals requires the intensive application of fertilizers and
pesticides. This threatens biodiversity by selecting for certain
organisms at the expense of others, and human health due
to point source pollution, particularly where runoff can reach
water sources. Thus, current potato production systems are
unsustainable with the expansion of Africa’s population (United
Nations Department of Economic Social Affairs Population
Division., 2017). However, the soil already contains a diversity of
beneficial microorganisms that can facilitate plant development
through their role as biofertilizers (Barea et al., 2005), including
bacteria, protozoa and fungi (Barea et al., 2005), many of which
offer much more sustainable solutions. Primary amongst these
are AM fungi, as they are major crop symbionts, however, as
with all living organisms, they too are affected by human activity.
An understanding of AM fungal symbiosis, and adaptation of
management practices to ensure AM fungal biodiversity, is key to
accruing their many invaluable agricultural benefits. This paper
reviews current advances in understanding regarding the benefits
that AM fungi can provide in potato production and discusses
the maintenance of AM fungi through a more conservative
agricultural approach for sustainable potato production.

ARBUSCULAR MYCORRHIZAL FUNGI

Arbuscular mycorrhizal (AM) fungi are ubiquitous soil microbes
forming obligatory biotrophic symbiotic associations with the
roots of more than 80% of all vascular plant families (Besserer
et al., 2006). Environmental history places their existence
from the Ovicadan era and they are believed to have been
the facilitators of land invasion by plants (Redecker et al.,
2000). These fungi belong to the phylum Glomeromycota and
order Glomerales (Pathak et al., 2017). AM fungal species are
functionally diverse and their ability to form symbioses is largely
dependent on their ability to acquire food from the host, whether
they confer the required benefits to the host and whether the
host genotype allows AM fungi to complete their life cycles
(Feddermann et al., 2010; Pathak et al., 2017).

AM fungi are known to be ancient asexual organisms. The
hyphae are aseptate and coenocytic (Parniske, 2008). They
undergo anastomosis, which is the association of hyphae followed
by genetic reshuffling that results in the development of new
progeny (Chagnon, 2014). Anastomosis occurs intraspecifically
and between related species (Parniske, 2008; Chagnon, 2014).
It has been suggested that AM fungi can reproduce sexually,
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however, scientific research should be undertaken to validate this
claim (Yildirir et al., 2020).

The AM fungal life cycle is composed of 3 main stages, namely
the asymbiotic, presymbiotic and symbiotic stages.

Asymbiotic Stage
AM fungi begin as resting spores, which, depending on species,
can be from 50–100µm (or more) in diameter with thick
cell walls. They lie in a conservatory state awaiting a host.
Though resting, it has been proven that many metabolic and
morphological processes occur during this stage. If the spores
have the right moisture content and are under optimum
temperatures, they can germinate for 2–3 weeks. They achieve
this by utilizing their carbohydrate and triacylglyceride energy
reserves (Requena et al., 2007). It was experimentally identified
that trehalose is the main carbohydrate found in AM fungal
spores and this is utilized during the first 5 days of spore
germination, followed by the subsequent utilization of lipids
(Bécard et al., 1991). During germination, the hyphae develop,
forming germ tubes (Requena et al., 2007) (Figure 2). Numerous
nuclei formed by cell division can be observed under the
microscope at this stage (Bonfante and Perotto, 1995). If no host
is recognized, germination arrests and the cytoplasm retracts
with consequential hyphal retraction (Requena et al., 2007).
This arrest occurs before the food reserves have been depleted,
allowing the spores to proceedwith germination a fewmore times
to increase their chances of finding a host (Bago et al., 2000).

Presymbiotic Stage
Once the spore or plant roots with spores are near a host
plant’s roots, various genetic, metabolic and signaling cascades
are initiated. The plant releases the phytohormone strigolactone,
which triggers AM fungal activity. In turn, AM fungi release
lipochito-oligosaccharides commonly referred to as Myc factors
(Harrison, 2012). These chemicals initiate an AM fungi-
host genetic and metabolic coordination which encourages
hyphal differentiation and extension toward the host roots
(Chen et al., 2018).

Symbiotic Phase
After the presymbiotic phase the hypha forms an appressorium,
called the hyphopodium, on root epidermal cells (Parniske,
2008). The root epidermal cells begin an internal rearrangement
process, pushing the nucleus to one corner and initiating
the formation of a penetration apparatus (PPA) that induces
invagination of the epidermal cell right below the hyphopodium
(Siciliano et al., 2007). The PPA, consisting of the endoplasmic
reticulum and microtubules, surrounds this invagination
(Siciliano et al., 2007). The Myc factors likely influence the
development of the PPA (Harrison, 2012). The hypha moves into
the cortex cell through this invagination. Pumplin et al. (2010)
and Feddermann et al. (2010) reported that Myc factors also
induce the expression of Vapyrin and PAM1 genes that allow
cortex cell penetration. As the hypha continues to penetrate,
it branches off into tree-like structures called the arbuscules
(Parniske, 2008) (Figure 2). The cell wall of AM fungus is
separated from the plant cell firstly by the periabuscular space,

followed by the periarbuscular membrane (PAM) (Parniske,
2008). VAMP721d and VAMP721e proteins have been identified
to play a major role in PAM development (Ivanov et al., 2012).
This AM fungal and plant symbiosis induces the lysolipid
lyso-phosphatidylcholine that in turn induces the expression
of various transporter genes, such as the Solanum tuberosum
Phosphate transporter 3 and 4 (StPT3 and StPT4), for phosphate
transport on the PAM (Drissner et al., 2007). In the symbiotic
exchange, AM fungi acquire carbon and lipids for their own
development. Continuous symbiosis leads to AM fungal growth
and sporulation.

SYMBIOTIC BENEFITS

Enhanced Nutrient Uptake, Plant Growth,
and Yield
Potato production relies heavily on the consistent use of
fertilizers to provide all the 3 major nutrients, potassium (K),
nitrogen (N), and phosphorus (P) (Jenkins andMahmood, 2003).
Lack of P results in stunted growth whilst a lack of N and K
result in reduced tuber yield (Potatoes South Africa, 2020). Most
researchers report that P is the more rate-limiting nutrient, as it
influences the uptake of nutrients such as N (nitrogen uptake
stops within days of P deficiency), iron (Fe), zinc (Zn), and
magnesium (Mg) (Rufty et al., 1990; Skinner and Matthews,
1990; Fageria, 2001). Regardless of relative importance, all
macronutrients diffuse slowly in the soil toward plant root hairs,
creating a zone of depletion (Shuab et al., 2017). This coupled
with the fact that potato plants have sparse and shallow root
hair systems, results in a lack of optimum nutrients at any given
time unless heavy fertilization ensues (Yamaguchi, 2002). The
drawback is that fertilizers are expensive and often not available
to the small-scale or subsistence farmers. In addition, heavy
fertilizer application does not always guarantee high mineral
nutrient efficiency (Brentrup and Pallière, 2010). AM fungi, on
the other hand, can, through their extraradical mycelium, reach
soil depths which root hairs cannot (Davies et al., 2005). Their
thin hyphae increase the surface area for absorption and cover the
gap between the potato root hairs and a nutrient sufficient zone
(Davies et al., 2005). Under soil nutrient limiting conditions, AM
fungi increase nutrient uptake and make it available to the plant
from the arbuscular apoplast via the expression of numerous
transporters located on the PAM (Genre et al., 2008). AM fungi
are capable of absorbing P and presenting it as the more soluble
form, orthophosphate (Pi, H2PO

−

4 ), which the potato plant can
absorb through AM fungal induced expression of the StPT3 gene
(Rausch et al., 2001; Smith and Smith, 2011). This absorption
is facilitated by H+ATPase activity (Gianinazzi-Pearson et al.,
2000). AM fungi can also assist the potato in acquiring inorganic
N present in the soil in the form of NO−

3 and NH+

4 through the
nitrate reductase pathway and glutamine synthetase pathways,
respectively (Jin et al., 2005; Shuab et al., 2017). They can also
assimilate amino acids, such as arginine, via their extraradical
mycelium and transport them intracellularly, where the amino
acids are broken down via these pathways to make available N
(Jin et al., 2005). Copper (Cu), Zn, Mg, Fe, and K are also readily

Frontiers in Sustainable Food Systems | www.frontiersin.org 3 December 2020 | Volume 4 | Article 593053

https://www.frontiersin.org/journals/sustainable-food-systems
https://www.frontiersin.org
https://www.frontiersin.org/journals/sustainable-food-systems#articles


Chifetete and Dames Potato Production

FIGURE 2 | The asymbiotic stage involves spore germination without host associations. The spore utilizes stored reserves of trehalose and lipids to extend its hyphae.

In the absence of a host, the hyphae retract, and the spore returns to its resting state. However, when in proximity to a symbiotic host, the spore with extending

hyphae moves into the pre-symbiotic stage. In this stage, to encourage further hyphal branching, the plant exudes stigolactones (yellow triangles). In turn, AM fungi

release Myc factors (pink pentagons). These chemicals prepare both the plant and AM fungi for association. In the symbiotic phase, the AM fungal hyphae develop a

hyphopodium that allows it to rest on the plant root epidermal cells. The development of a PPA in the epidermal cells creates an invagination which guides the growing

hyphae past the epidermis into the cortex cells. From the cortex cells, the hyphae branch into tree-like structures called arbuscules. It is through these arbuscules that

nutrients are delivered past the periarbuscular membrane where all nutrient transporters are present.

absorbed in AM plants (Shuab et al., 2017). The result of this
nutrient absorption is enhanced potato growth and development.
Inoculations with Rhizophagus irregularis andGlomus proliferum
(∗Rhizophagus prolifer–currently accepted AM fungal generic
and species names according to Index Fungorum are shown
in brackets were applicable) were shown to increase potato
biomass, tuber ratio, tuber size and potato plant growth in low
P conditions (Davies et al., 2005; Liu et al., 2018). Increased
tuber size, which translated to increased yields over two seasons
in mycorrhizal inoculated potato, was also observed (McArthur
and Knowles, 1993; Douds et al., 2007). Potato tuber diameter,
root length and shoot P content, as well as root and shoot
fresh weight, increased when inoculated with G. intraradices (R.
intraradices) andG. mosseae (Funneliformis mosseae) (Lone et al.,

2015). Similar results were observed by Vosátka and Gryndler
(2000). The ability of AM fungi to assimilate nutrients lessens the
requirement for fertilizer use.

Microtubers are becoming the most common potato planting
material. AM fungi have been found to have a positive effect
on their growth and development, increasing microtuber fresh
weight, which reduces transplantation loses (Cheng et al., 2008).
Once in soil substrate inoculated with AM fungi, the developed
minituber produces an increased tuber number regardless of
whether the plants are potted or field-grown (Cheng et al.,
2008). The AM fungal association, therefore, increases seed
potato production (Nurbaity et al., 2019). AM fungi continue
to influence plant growth even after the fungi die, as fungal
necromass has been shown to stimulate increases in crop biomass
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(Jansa et al., 2020). It has been suggested that this may be caused
by active AM fungal biomolecules present in the necromass
and/or the stimulation of other plant development promoting
microorganisms within the soil (Jansa et al., 2020).

Successful use of AM fungi in potato production was
demonstrated in 231 field trials in Europe and North America
(Hijri, 2016). Inoculation of potato seed with Rhizophagus
irregularis DAOM 197198 produced a marketable yield of 42.2
tons/ha compared to 38.2 tons/ha in the uninoculated control,
thus improving yield by 3.9 tons/ha (Hijri, 2016). However,
the ability of the potato to access nutrients and to grow and
produce high yields depends largely on the type of mycorrhiza
and whether the inoculum is a pure strain or a mixture of strains
(Cheng et al., 2008). In the Ecuadorian Andes, inoculation with
Rhizophagus irregularis DAOM 197198 showed no significant
impact on yield (Loján et al., 2017). This highlights the particular
importance of AM fungal biogeography. Effective functionality
is also highly influenced by inoculation techniques, interaction
with indigenous background AM fungi and soil nutrient status,
all of whichmay affect yield potential of potato crops significantly
(Loján et al., 2017).

Tolerance to Salinity
Soil salinity is determined by the concentration of soluble salts in
the soil (Kapoor et al., 2013), and ions which contribute to high
salinity include sodium ions (Na+), calcium ions (Ca2+), chloride
ions (Cl−), bicarbonate anions (HCO −

3 ), carbonate ions (CO
2−
3 ),

strontium ions (Sr 2+), silicon dioxide (SiO2), molybdenum
(Mo), and barium ions (Ba2+), with NaCl being the most soluble
salt (Hu and Schmidhalter, 2002; Munns and Tester, 2008;
Kapoor et al., 2013). Sources of these salts mainly include ocean
deposits and the weathering of rocks, as well as some sources of
irrigation water (Munns and Tester, 2008). It is undeniable that
water sources such as dams may also contain these salts in high
concentrations, as many are close to industries where industrial
effluent is not adequately purified before deposition into water
bodies (Woolard and Irvine, 1995). Across Africa, farmers rely
on irrigation and rainfall for potato production (Hijmans, 2003).
Reliance on irrigation poses a threat because of the potential
introduction of excessive salts into fields if the water is polluted,
in addition to the accumulation of salts contributed by leachate
post excessive fertilizer application (Han et al., 2015; Parihar et al.,
2015).

The osmotic imbalance induced by high salinity results in
stunted growth, leading to a 20% decrease in yield in irrigated
crops (Porcel et al., 2012). Salinity reduces photosynthesis, leads
to cellular dehydration, nutritional disorders and alters protein
and lipid metabolic processes (Evelin et al., 2012). These lead to
increased senescence, early plant death, reduced shoot and root
length, increased radical oxygen species and an overall reduction
in biomass in the potato plant (Khenifi et al., 2011; Jaarsma
et al., 2013). AM fungi have been shown in previous experiments
to relieve plants of salinity stress by increasing osmotic
regulation through plant accumulation of osmolytes such as
internal metabolites (proline, betaines) and sugars (fructose,
trehalose) to prevent salt dehydration (Porcel et al., 2012; Kapoor
et al., 2013). As examples, inoculation with Claroideoglomus

etunicatum resulted in increased proline levels in maize roots
under high salt conditions (Estrada et al., 2013b), and inoculation
of Zea mays with R. intraradices led to increased stomatal
conductance and reduced electrolyte leakage, which promoted
photosynthesis (Estrada et al., 2013a). Under salt stress, AM
fungi can increase uptake of N and Mg, where the latter is an
important component of the chlorophyll molecule (Kapoor et al.,
2013). It can also maintain Na+:K+ leaf ratios, which are vital for
photosynthesis (Evelin et al., 2019). Xu et al. (2018) showed that
Glomus tortuosum (Sieverdingia tortuosa) in Zea mays increased
chlorophyll content and stomatal conductance of the plant,
which improved photosynthesis under saline conditions. AM
fungi can selectively remove Na+ and compartmentalize it in
vacuoles (Porcel et al., 2016). The ability of Claroideoglomus
etunicatum to induce NaCl compartmentalization was also
observed in rice, and this led to reduced shoot Na+ levels (Porcel
et al., 2016). In addition, Glomus intraradices (Rhizophagus
intraradices) was shown to increase the supply of macro and
micro-nutrients, whilst avoiding the uptake of NaCl ions (Evelin
et al., 2012). Uptake of P increases uptake of micronutrients such
as Zn and Cu, and with Calcium (Ca), reduces damage to DNA
by Reactive Oxygen Species (ROS) attack, and as these nutrients
are vital components of molecular processes (Liu et al., 2000;
Kapoor et al., 2012), thus increase plant biomass. The host plant
upregulates strigolactone production which enhances AM fungal
symbiosis and consequentially overall stress alleviation (Aroca
et al., 2013).

Tolerance to Drought
Increased temperatures attributable to global climate change have
led to persistent drought spells in Africa, and thus to increased
crop losses. This is of concern as the potato plant does not thrive
under hot and dry conditions. This is because water makes up
almost 90–95% of the plant tissue, whilst the tubers comprise
70–85% water (Potatoes South Africa, 2020). Averaging at 60 cm,
the relatively small potato root system renders it unable to adapt
to drought (Haverkort and Verhagen, 2008). Water is essentially
required at every developmental stage of the potato (Potatoes
South Africa, 2020), making the crop heavily reliant on irrigation
and rainfall. It has been predicted that, without any climatic
mitigation, potato yields will decline by ∼50% across Africa by
2055 (Raymundo et al., 2018).

Drought stress results in tuber deformation, early senescence,
and reduced growth yields (Potatoes South Africa, 2020). While
water deficiency also interferes with the AM fungal cell cycle,
some species tolerate water-deficient environments and can
thrive (Stahl and Christensen, 1991). Plants tend to release
strigolactone when under drought stress, and this acts as a signal
to AM fungi (Aroca et al., 2013). Under drought conditions, AM
fungi, through their hyphae, can extend into 100m g−1 of soil
and scavenge for water and nutrients, subsequently making it
available to the plant (Evelin et al., 2019). AM fungal interactions
stimulate adventitious root development by reducing root tip
meristem activity (Bahadur et al., 2019). This improved root
architecture together with AM fungal hyphae increases water
and nutrient availability, which stimulates plant growth. As water
deficiency causes osmotic stress that limits cellular expansion for
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FIGURE 3 | AM fungi mediated crop tolerance to drought and salinity. Upon drought and salinity perception in the root area, plants release strigolactone (yellow

rectangles) which strengthens AM fungi-crop symbiosis. AM fungi induce ABA release by plants, which also strengthens AM fungal associations. The extending

hyphae provide plants with water relief as well as nutrient uptake. Under saline conditions AM fungi further discriminate NaCl uptake. In both the roots and shoots,

anti-ROS compounds and antioxidant enzymes are produced to maintain membrane integrity and stop protein, enzyme, and DNA damage, as well as alteration of

plant metabolic processes. In the leaves, plants accumulate osmolytes, which lower plant osmotic potential and allow water movement from the soil into the plant.

Nutrient accumulation and improved stomatal conductance increase photosynthesis and therefore plant biomass. The plant cells are also capable of

compartmentalizing NaCl to reduce salinity induced drought.

growth, the accumulation of osmolytes can also relieve this stress
(Bahadur et al., 2019). The accumulation of proline was noted in
potatoes after inoculation with R. intraradices and C. etunicatum
(Khosravifar et al., 2020). Reduced leaf water potential and
increased tuber yield were also noted in this study. Other
mechanisms of AM fungal induced drought tolerance include
increased conductivity and transpiration, both of which improve
water uptake (Kapoor et al., 2013). In addition, hormones such
as abscisic acid (ABA) are released to help relieve the plant
and further enhance AM symbiosis (Kumar and Verma, 2018).
Inoculation of Zea mays with Rhizophagus irregularis induced
plant rehydration, improved water efficiency, increased proline
production, and increased root ABA production (Zhao et al.,
2015; Quiroga et al., 2017). A further consequence of drought
is the increased release of ROS, and AM fungi have been
found to stimulate plant production of ROS scavengers and
enzymatic antioxidants (Bahadur et al., 2019). Potatoes have
been shown to deal with ROS through the induction of catalase
(CAT), peroxidase and ascorbate peroxidase, though levels of
these enzymes were highly dependent on the cultivar (Adavi
et al., 2020). Fungal mycelia improve soil aggregation, which

enhances water holding capacity of the soil, thus making water
available to the potato root hairs (Rillig andMummey, 2006). The
contribution of AM fungi toward drought and salinity tolerance
in plants is summarized in Figure 3.

Tolerance to Plant Pathogens and Diseases
The threat to potato production is a reality as increased
temperatures and high humidity shorten microbial life
cycles and allow potato pathogens to thrive. Potato virus
Y (PVY) strain PVYNTN, Fusarium wilt, Verticillium, Late
blight, Rhizoctonia, Early blight, bacterial wilt, common
scab, and Erwinia blackleg are amongst the numerous
viral, fungal and bacterial diseases that affect the potato,
with fungal diseases being most prominent (Potatoes South
Africa, 2020). The use of pesticides is costly both financially
and environmentally, leading to pesticide residues and
environmental pollution.

AM fungi can interfere with plant-pathogen interactions
through the induction of beneficial microbe-associatedmolecular
patterns (Van Wees et al., 2008). These involve the activation
of induced systemic resistance at a mild level to prime
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the crop (Van Wees et al., 2008). Various hormones such
as jasmonic acid, salicylic acid, ethylene and abscisic acid,
auxin and toxins cross communicate to prime for resistance
(Wasternack and Hause, 2013). These provide the crop with
tolerance to pathogens. Such observations were made by
Gallou et al. (2011) through the upregulation of Pathogenesis
related 1 and 2 (PR1 and PR2) genes prior to Phytophthora
infestans inoculation. “The PR1 gene is linked to the jasmonic
acid pathway in Solanum species, whilst the PR2 gene
expresses β-1,3-glucanase protein for the salicylic acid-dependent
pathway” (Gallou et al., 2011). The Salicylate pathway triggers
systemic resistance after infection with biotrophs, post initial
attack, whilst the jasmonate pathway is induced by necrosis
(Beckers and Spoel, 2006).

In other experiments, Fusarium dry rot, the most important
postharvest potato disease caused by nine fusarium species,
was reduced by 20–90% on potato minitubers in the presence
of AM fungi, with effects being passed on to progeny
(Niemira et al., 1996; Potatoes South Africa, 2020). The
ability of AM fungi to reduce postharvest loses is critical.
Fusarium species are also known to result in the production
of mycotoxins which are harmful when consumed. The use
of Glomus irregulare (Rhizophagus irregularis) inhibited the
growth of F. sambucinum and consequential trichothecene
4, 15-diacetoxyscirpenol (mycotoxin) production, illustrating
the potential use of AM fungi as an antimicrobial and anti-
mycotoxin agent (Ismail et al., 2013). In a study by O’Herlihy
et al. (2003), Phytophthora infestans, regarded as the most
notorious potato pathogen, was reduced by growing mycorrhizal
potatoes. The effects of AM fungi are not limited only to the
roots, but also prevail aboveground. AM fungi colonization
reduced the severity of shoot and crown rot disease caused
by Rhizoctonia solani, whilst increasing nutrient uptake, tuber
fresh weight and decreasing mortality (Yao et al., 2002). Similar
observations were made by Larkin (2008) when a mix of
AM fungi resulted in reduced stem canker and black scurf
in the potato crop. AM fungi also act by alleviating H2O2

in PVY stressed potato plants (Deja-Sikora et al., 2020). They
can upregulate defense mechanisms upon herbivore attack
against disease vectors such as aphids (Rizzo et al., 2020),
as in the case with PVY. AM fungi have also been reported
to contain silencing RNA, enabling negative regulation of
pathogen gene expression and thus conferring plant protection
(Silvestri et al., 2020).

AM fungi associate with other microorganisms in a
synergistic fight against pathogens. Pseudomonas species
associated with AM fungal spores have shown inhibition
of Verticillium dahliae and Erwinia carotovora, both of
which are potato pathogens (Bharadwaj et al., 2008). In the
rhizosphere, AM fungal interactions with rhizobacteria in
potato fields have been shown to lead to the production of
antibiotics and enzymes that act as antimicrobials against
potato pathogens (Sessitsch et al., 2004). Baradar et al.
(2015) showed that the presence of rhizobacteria and
iron decreased R. solani disease progression and increased
potato biomass. AM fungi also interact with other soil
pathogens such as nematodes. By influencing nematode

hatching, they could provide an effective way to reduce
disease severity or stop infection caused by nematodes
(Schouteden et al., 2015).

It seems that the response of AM fungi to stress is to improve
the general health of the host plant through various processes,
to enable it to fight against biotic and abiotic stress. This may be
verified by the fact that systemic acquired resistance hormones
also interact with auxins and gibberellins during biotic stress
(Wasternack and Hause, 2013). An important factor to note,
however, is that AM fungi exhibit increased effectiveness when
the soil into which they are inoculated is free from disease. An
experiment which combined solarization and use of AM fungi
reported a reduction in diseased tubers compared to when either
solarisation or AM fungi were applied alone (Ngakou et al.,
2006). It is also vital to determine which AM fungal species
interacts best with which potato cultivar, as these have been
observed to be important variables (Yao et al., 2002). AM fungal
effectiveness in disease control is also dependent on pathogen
virulence and mycorrhizal potential (Azcón-Aguilar and Barea,
1997). AM fungi and the benefits they provide to the potato plant
are summarized in Table 1 below.

Improved Soil Health
Soil structure is a complex encompassment of soil aggregates,
pore space, as well as biota (Rillig and Mummey, 2006). AM
fungi contribute to the development of soil particles by driving
their hyphae into soil beds and breaking them down into smaller
pieces (Miller and Jastrow, 2000). Their soil penetration allows
nutrients and water to be drawn from deep within the earth
(Davies et al., 2005). AM fungi do not compete for soil C as
they are supplied with C as a trade-off from their symbiotic
hosts, allowing soil C enrichment (Rillig, 2004). Aggregates also
comprise non-organic matter, and the proportion of soil metals
affect soil structure and fertility. AM fungi can play an important
role in limiting the concentration of xenobiotics and heavymetals
in the soil through bioremediation (Li et al., 2018). They also
add to the pool of decomposing matter through their senescing
hyphae (Miller and Jastrow, 2000). AM fungal interactions with
other microorganisms in the rhizosphere and mycorhizosphere
enrich the microbiome and increase nutrient availability in the
soil, for example, by facilitating the proliferation of N2-fixing
bacteria, which increases N in the soil (Jeffries et al., 2003;
Johansson et al., 2004).

AM fungi release glomalin, a sticky substance that forms
hydrophobic interactions with the soil particles (Miller and
Jastrow, 2000; Rillig and Steinberg, 2002; Vlček and Pohanka,
2020). This causes aggregation of clay, silt and other particles
in the soil and brings together nutrients and biota (Miller
and Jastrow, 2000). The unique fungal extraradical mycelia act
together like a net that firmly holds this enriched structure
together (Rillig and Mummey, 2006). The mycelial net increases
soil water holding capacity, limits leaching and indirectly
improves soil aeration (Rillig andMummey, 2006). This enriched
soil structure (Miller and Jastrow, 2000) and improved soil health
around the root area, induced by the presence of AM fungi,
ultimately translates to healthier potato crop growth and helps
to achieve maximum yield.

Frontiers in Sustainable Food Systems | www.frontiersin.org 7 December 2020 | Volume 4 | Article 593053

https://www.frontiersin.org/journals/sustainable-food-systems
https://www.frontiersin.org
https://www.frontiersin.org/journals/sustainable-food-systems#articles


C
h
ife
te
te

a
n
d
D
a
m
e
s

P
o
ta
to

P
ro
d
u
c
tio

n

TABLE 1 | Summary of AM fungal species and the benefits they confer to the potato plant.

AM fungal species* Nutrient

uptake

Plant growth Tuber

number/size

Yield Drought Disease

protection

Pot trial Field

trial

References

G. mosseae (Funneliformis mosseae) Increased fresh

weight

Increased size 54.2% increase

minituber yield

Pot and

seedling plates

Cheng et al.,

2008

Consortium of G. mosseae and G.

versiforme (Funneliformis mosseae

and Glomus versiforme)

Increased size 20.9% increase Yes

G. intraradices (R. intraradices) N, Cu Fe, Na,

B, P

Increased shoot

and root dry

matter

Increased dry

matter

Yes Davies et al.,

2005

R. irregularis Reduced oxidative

effects of Potato

virus Y

in vitro Deja-Sikora

et al., 2020

Consortium of G. intraradices, G.

mosseae, G. clariodeum, Gigaspora

gigantea (R. intraradices

Funneliformis mosseae)

Increased size Total of 45%

increase of tuber

fresh weight

Yes Douds et al.,

2007

G. intraradices (R. intraradices) Increased size

R. irregularis DAOM 197198 Yes, >5cm Slight increase of

3.9 tons/ha

Yes Hijri, 2016

G. irregulare DAOM 197198 and

234328 (R. irregularis DAOM 197198

and 234328)

F. sambucinum

mycotoxin

Yes Ismail et al.,

2013

Single and dual inoculations of R.

intraradices; C. etunicatum

Increased leaf area

index, increased

shoot dry weight

Increased tuber

dry weight

Max. 36% Increased Proline Yes Khosravifar

et al., 2020

Consortium of Glomus aggregatum,

G. clarum, G. deserticola, G.

intraradices, G. monosporus, G.

mosseae, Gigospora margarita, and

Paraglomus brazianum (R

aggregatus, R. clarum, Septoglomus

deserticola, R, intraradices, G.

monosporus, Funneliformis mosseae,

Gigaspora margarita, and

Paraglomus brasilianum)

Minor (4–7%) R. solani black

scurf and stem

canker

Yes Larkin, 2008

Single inoculations of R. irregularis

and G. proliferum (R. prolifer)

P, N Higher

photosynthetic

rate, increased

total plant biomass

Improved water

use efficiency

Yes Liu et al., 2018

Consortium of G. mosseae; G.

intraradices (Funneliformis mosseae;

R. intraradices)

Increased leaf size

and number, plant

height root dry

weight, shoot

fresh weight

Yes Lone et al.,

2015

(Continued)
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TABLE 1 | Continued

AM fungal species* Nutrient

uptake

Plant growth Tuber

number/size

Yield Drought Disease

protection

Pot trial Field

trial

References

Single inoculations of G. intraradices;

G. mosseae; G. dimorphicum (R.

intraradices; Funneliformis mosseae;

Funneliformis dimorphicus)

K, Mg, N Increased leaf

expansion

Yes McArthur and

Knowles, 1993

Glomus intraradix (R. intraradices) F. sambucinum dry

rot

Greenhouse

beds

Niemira et al.,

1996

AM (non-specified) Increased stolon

to tuber numbers,

increased tuber

weight

Nurbaity et al.,

2019

R. intraradices herbivore attack

priming

Rizzo et al.,

2020

G. magarita noncoding RNA Silvestri et al.,

2020

Single inoculations of G. etunicatum

and G. fistulosum (C. etunicatum and

Claroideoglomus claroideum)

Increased tuber

fresh weight

Yes Vosátka and

Gryndler, 2000

Single inoculations of G. etunicatum;

(C. etunicatum)

Increased shoot

fresh weight and

root dry weight

Increased tuber

number

R. solani shoot

and crown rot

Yes Yao et al.,

2002

G. intraradices (R. intraradices)

*Both current and old names of AM fungal genera and species have been used in this table. The names used in the original articles are not bracketed, whilst the current accepted names according to Index Fungorum have been put in

brackets for each species.
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Chifetete and Dames Potato Production

SOIL MANAGEMENT AND MAINTAINING
MYCORRHIZAL BIODIVERSITY

Soil Tillage
Various crop management systems significantly affect the
AM fungal composition and association, shaping AM fungal
communities. Tillage is a practice often used by farmers and
involves the mechanical turning of soil by disc plows to
de-weed, increase aeration, reduce pathogens and enhance
decomposition in agricultural systems (Kabir, 2005). Tillage can
be conventional or conservative (Kabir, 2005). Conventional
tillage (CT) consists mainly of numerous tillage cycles which
are followed by fertilizer and pesticide application (Kabir, 2005).
Costa et al. (2017) demonstrated that deep tillage, which goes
beyond conventional tillage by 50 cm, improves potato yield
by reducing soil compaction, allowing aeration, nutrient flow
and tuber expansion. Whilst this practice initially appears
beneficial, it destroys soil structure long term. It affects the
physical, chemical and biological cohesion associated with the
AM fungal network (Wang et al., 2020). This is because AM
fungi are mainly found in the topsoil where they make symbiotic
associations with their hosts (Kabir, 2005). Soil disturbance can
dislodge the fungi from their hosts. It interrupts the physical
interaction between mycelium and soil particles. Conventional
tillage reduces mycelium density as well as field glomalin (Kabir
et al., 1998; Avio et al., 2013). It alters AM fungal diversity
within the soil as some AM fungal species are permanently
eradicated (Castillo et al., 2006; Brito et al., 2012; Säle et al., 2015).
This undoubtedly shifts the microbiome, as with the movement
of organic and inorganic material within the soil, macro and
micronutrient supply will be diluted (Borie et al., 2006; Roger-
Estrade et al., 2010).

Importantly, it appears that AM fungi are differentially
vulnerable to disturbance (Brito et al., 2012). This implies that
tillage induces some kind of selection pressure, and it is therefore
vital to understand what degree of disturbance each tillage
practice creates (Brito et al., 2012). AM fungal populations can
be sustained by practicing conservation tillage, which involves
less intensive, reduced tillage (RT), or no tillage at all (NT). This
practice maintains crop soil surface cover, which can act as mulch
for improved soil fertility (Kabir, 2005). A lack of disturbance
allows AM fungi to proliferate, leading to increased hyphal
lengths, spore richness, and increased glomalin concentrations
(Borie et al., 2006; Säle et al., 2015).

Overall, it is important to look holistically at the advantages
brought about by the practice of conservation agriculture. The
success of conservation tillage is highly dependent on the ability
to control weeds, pests and ensure efficient nutrient delivery
(Morse, 1999).Whilst AM fungal populations are increased, there
is a need to understand how integrated methods can be used to
control weeds and pests. If reduced tillage is used, a type of tilling
mechanism is required that does not affect AM fungi, but aims
for the success of conservation agriculture (Roger-Estrade et al.,
2010). Most conservation tillage systems are augmented by crop
rotations, the use of cover crops and a more organic approach to
farming to improve the success rate of the practice. Cover crops
control weeds and can be a source of organic matter after their

destruction (Morse, 1999). Some experiments utilizing RT with
manure and cover crops have been shown to increase potato yield
when compared to CT, without any quality compromises (Larney
et al., 2016). Hou and Li (2018) demonstrated that NT combined
with straw mulch increased potato marketable yield and tuber
production. In another experiment, NT was carried out in low
lying areas after a rice rotation and drainage (Sarangi et al., 2018).
Potatoes grown on this drained paddy soil had enough moisture
to sustain germination. The use of straw as cover eliminated
weeds whilst the use of compost manure enriched the soil and
reduced fertilizer application. The straw also served as mulch,
which reduced irrigation requirements. No pesticides were used,
and these methods led to the production of high-quality potato
tubers (Sarangi et al., 2018).

Agrochemical Applications
Pesticide Application

A sustainable approach to agriculture requires an appreciation
of the effects of pesticides and fertilizers on the environment,
human health and the microbiome. Though pesticide usage
in Africa is only 2%, this percentage is high considering the
percentage of utilized cultivatable land (FAOSTAT, 2020b).
Most pesticides are abused, often without the use of proper
formulations. Fumigation affects soil microorganisms (Collins
et al., 2006). Only about 0.1% of pesticides reach the target
pests, whilst the rest pollutes the soil, influencing microorganism
profiles including that of AM fungi (Meena et al., 2020).

There are various reports regarding the effect of pesticides on
AM fungi. In a review, Hage-Ahmed et al. (2019) reported that
some AM fungal spores only germinate after the active pesticide
ingredient has worn off, whilst other AM fungal species seem to
have developed abilities to cope with pesticide residues. However,
the harmful effects of pesticides have been observed even in
lower pesticide concentrations than those applied in the field (de
Novais et al., 2019). Kjøller and Rosendahl (2000) and Kling and
Jakobsen (1997) showed that fungicides had a deleterious effect
on alkaline phosphatase and succinate dehydrogenase activity in
extraradical hyphae. The malfunctioning of these enzymes affects
AM survival as well as P supply to the plant. Fungicides also
induce abnormal hyphal branching, reduce the hyphal length
and diminish anastomosis, which is pivotal in the life cycle of
AM fungi, and consequentially AM fungal -plant symbiosis (de
Novais et al., 2019). In experiments involving pesticides against
Rhizotonia solani, azoxystrobin affected AM fungal extraradical
development and spore formation whilst flutolanil affected
arbuscular formation (Buysens et al., 2015). In these experiments,
the lack of spore formation hindered any sort of AM fungus–
host symbiosis, whilst a lack of arbuscules compromises the plant
by limiting the potential for transfer of nutrients to the plant.
In the same study, however, the use of pencycuron targeted
only the pathogen, with no effect on AM fungi (Buysens et al.,
2015). This experiment is a clear demonstration of the different
effects of the various active ingredients. Ipsilantis et al. (2012)
showed that even biopesticides such as azadirachtin (extracted
from neem seeds) had persistent deleterious effects in the field.
This means that any antagonistic effects against other favorable
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soil microorganisms, such as AM fungi, should be considered
during biopesticide formulation. Fungicide coated seeds of maize
had no adverse effects on AM fungal colonization, suggesting that
this could be a strategy for employing fungicides (depending on
the mechanism of action of the fungicide) without affecting AM
fungal diversity (Cameron et al., 2017).

The application of herbicides and their interaction with AM
fungi can be varied. AM fungi were reported to be able to
remove atrazine from the soil and relieve maize from chemical
stress (Huang et al., 2007). However, when nicosulfuron was
tested, the AM fungal population decreased due to a cumulative
effect of the active ingredient in the soil (Karpouzas et al.,
2014). Glyphosate-based herbicides were also shown to have
a deleterious effect on AM fungi infection rates in maize
grown in pasteurized soil (Savin et al., 2009). Therefore, the
mode and the rate of application of chemicals, the active
ingredient(s), the chemistry and the microbiome all have
significant impacts on themaintenance of AM fungal populations
(Hage-Ahmed et al., 2019).

Fertilizer Application

Only about 50% of N and about 15–20% of P fertilizers,
respectively, are taken up by crops (Smil, 1999; Roy et al.,
2006). This means that fertilizer is applied in excess of demand.
Excessive fertilization may not affect AM fungal diversity or
structure, but it limits AM fungal colonization, as the crop
has sufficient available nutrients for growth (Higo et al., 2020).
Savin et al. (2009) reported that applying N and P reduced
AM fungal infection in maize. Reports of low AM infectivity
in potatoes upon fertilizer application were also reported by
Loit et al. (2018). Lin et al. (2012) showed that, contrary to
initial thinking, fertilizers affected AM fungal diversity. AM
fungal populations can, however, be maintained by using lower
fertilizer concentrations. Ziane et al. (2017) reported that 50%
NPK application and AM fungal inoculation allowed crops to
reach optimal yield. Ultimately, organic farming can be used to
avoid the adverse effects of synthetic fertilizers and at the same
time promote AM fungal populations, as it was observed that
organic farming increased microbial richness (Lupatini et al.,
2017; Loit et al., 2018). In addition, pyrolysis in organic farming
produces compounds that act positively on AM fungal growth
and development, as well as promoting the growth of other
beneficial microbes (Gryndler et al., 2009).

Monoculture, Selection of Cultivars, and
Fallow Periods
Monoculture of the potato crop drastically reduces crop yield.
This is because the practice severely reduces soil microbial
diversity, decreasing soil fertility, and potentially increasing the
incidence of disease (Liu et al., 2014). To successfully improve
or maintain high crop yield, it is advisable to practice crop
rotations/intercropping. Legumes encourage the proliferation of
nitrogen-fixing bacteria, which increases soil N availability, whilst
AM fungi associating crops influence AM fungal community
composition with the aforementioned benefits. Regarding AM
fungal diversity and crop rotations, it is important to note that
AM fungal host compatibility depends on the host genotype and

therefore differs from crop to crop (Feddermann et al., 2010;
Wu et al., 2013). Arbuscular mycorrhizal response increases from
grasses to legumes, then to wheat, with maize being the most
responsive, whilst the non-mycorrhizal plants in the Brassicaceae
and Chenopodiaceae families are unresponsive (Plenchette et al.,
2005). For instance, intercropping maize–potato increases AM
fungal biomass, faba-bean—potato, increases the presence of
functional AM fungal species, and rotating potatoes with peas,
beans and alfalfa generally increases mycorrhizal infectivity
(Plenchette et al., 2005; Ma et al., 2016). On the other
hand, although Trifolium pratense is used as a nitrogen-fixing
crop, its rhizospheric AM fungal infectivity in potato roots is
low, whilst the non-leguminous Leucanthemum vulgare Lam.
promotes the growth of AM fungi that efficiently colonize
potato roots (Bharadwaj et al., 2007). Therefore, the use of
strongly mycorrhizal plants can increase potato yields under
crop rotation. Shared diseases should also be considered in the
selection of cultivars, as crop rotation with crops that share the
same diseases allows disease proliferation and increases crop
losses from one rotation to the next.

Fallowing is a term for the use of a resting period that
allows soil recovery, and this can be undertaken after periods
of monoculture. Whilst perennial farming is detrimental to the
soil, it has been suggested that extensive fallow periods are often
detrimental to AM fungi (Plenchette et al., 2005). This is probably
because of decreased AM fungal activity for long periods in the
absence of a host plant and reduced microbes to maintain AM
fungal activity (Plenchette et al., 2005). However, once crops
are reintroduced in the correct order, AM fungal activity can
be increased. Short periods of fallowing with cover crops may
also be an alternative to crop rotations and intercropping for
monoculture crops, to maintain AM fungal diversity.

Mycorrhizospheric Interactions With Other
Soil Microbes
Arbuscular mycorrhizal fungi influence the microbiome by
changing soil pH and exuding stimulatory or inhibitory
substances that create an environment for AM fungal
establishment and plant colonization over time (Johansson
et al., 2004; Larkin, 2008; Budi et al., 2012). Bacteria found
in association with AM fungi have been isolated from AM
fungal spore surfaces, hyphae and cytoplasm, with Gram-
positive bacteria having strict associations with the spore surface
(Lecomte et al., 2011; Cruz and Ishii, 2012; Selvakumar et al.,
2016). These bacteria degrade the hyaline wall layer through
the release of hydrolytic enzymes and inhibit AM fungal anti-
germination compounds (Roesti et al., 2005). This facilitates
spore germination (Roesti et al., 2005), initiating the AM fungus
life cycle. They are also capable of forming biofilms by stacking
themselves around the spore and hyphae, as well as on the
surface of plant root epidermal cells, protecting the fungus and
the plant (Manchanda et al., 2017). An example of this protection
is the induction of bacterial aiiA gene expression against the
activation of E. carotovora virulent genes in infected potato
plants (Dong et al., 2000). Bacteria also exude chitinases and
cellulases, which assist penetration of root epidermis by AM
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TABLE 2 | Summarized list of AM fungi and their associating bacteria in the potato soil microbiome.

AM fungi* AM fungal associated

bacteria

Synergestic effect Experimental condition Reference

G. mosseae; G. intraradices

(Funneliformis mosseae;

R. intraradices)

P. fluorescens F140,

P. fluorescens T17−4

Increased plant biomass

and chlorophyll content

Greenhouse pots Baradar et al., 2015

G. mosseae and

G. intraradices

(Funneliformis mosseae;

R. intraradices)

Strenotrophomonas

maltophilia; Pseudomonas

putida biotype B; Bacillus

subtilis; P. putida biotype A;

S. maltophilia

Disease resistance and IAA

production

in vitro Bharadwaj et al., 2008

Glomus mosseae and

G. fasciculatum

(Funneliformis mosseae;

Rhizophagus fasciculatus)

Pseudomonas P173 and

P168, Bacillus subtilis and

B. megaterium

Increased P uptake and

increased chlorophyll

content

Greenhouse pot Hassani et al., 2014

Glomus intraradices

(R. intraradices)

Pseudomonas CHAO-4,

Azotobacter DSM-281,

Bacillus PTCC-1020

Increased plant growth and

increased yieds

Green house pot Otroshy et al., 2013

Glomus fistulosum

(Claroideoglomus

claroideum)

Bacillus subtilis Increased minituber number

and weight

Greenhouse Vosátka and Gryndler, 2000

*Both current and old names of AM fungal genera and species have been used in this table. The names used in the original articles are not bracketed, whilst the current accepted names

according to Index Fungorum have been put in brackets for each species.

fungal hyphae, and confer defense against pathogens (Bonfante
and Perotto, 1995; Bharadwaj et al., 2008). Examples of spore
associating bacteria that conferred resistance to R. solani, E.
carotovora, Verticillium dahliae and Phytophthora infestans were
found on G. mosseae (Funneliformis mosseae) and G. intraradice
(R. intraradices) and include Bacillus subtilis, P. putida biotype
A, and S. maltophilia, among others (Bharadwaj et al., 2008). In
symbiotic response to this association, AM fungi supply chitin,
polysaccharides, carboxylates, formate, and acetate for bacterial
growth (Toljander et al., 2007 and Selvakumar et al., 2016; Zhang
et al., 2016). It was also found that AM fungi induced bacterial
proteolytic activity to assist the bacteria in the utilization of
amino acids (Selvakumar et al., 2016).

Arbuscular mycorrhizal fungi interact synergistically with
rhizobia and other phosphate solubilising bacteria that make
P available for AM fungal uptake and transport to the plant
(Toro et al., 1997). The solubilising bacteria can moderate their
population to accommodate AM fungi, allowing AM fungal
establishment on host plants (Toro et al., 1997). Glomus mosseae
(Funneliformis mosseae) and G. fasciculatum (Rhizophagus
fasciculatus) interaction with P solubilizing Pseudomonas and
Bacillus resulted in an overall increase in P absorption and
increased potato plant chlorophyll content (Hassani et al., 2014).
The P absorbed by AM fungi activates nodule formation and
nitrogenase expression in N2-fixing bacteria (Barea et al., 1992).
This, in turn, makes N available for plant uptake, resulting
in increased plant biomass and macronutrient accumulation
in the host and therefore a high carbon pool for the fungi
(Barea et al., 1992) and other microorganisms. Experiments
with Azotobacter DSM-281, Bacillus PTCC-1020 and Glomus
intraradices (Rhizophagus intraradices) in potato production
led to increased minituber number and size, which translated
to increased yields (Otroshy et al., 2013). Overall, AM
fungi and microbiome associations lead to crop improvement.

Vosátka and Gryndler (2000) observed that Glomus fistulosum
(Claroideoglomus claroideum) and Bacillus subtilis associations
resulted in increased minituber numbers and total minituber
weight. Glomus mosseae (Funneliformis mosseae) with P.
fluorescens F140 and G. intraradices (R. intraradices) with P.
fluorescens T17−4 lead to increased potato root colonization
and increased potato plant biomass (Baradar et al., 2015).
Strenotrophomonas maltophilia and Pseudomonas putida biotype
B induced indole acetic acid production, which leads to increased
potato plant growth (Bharadwaj et al., 2008). AM fungi also
associate with other non-mycorrhizal saprophytic fungi and
these synergize the availability of soil nutrients for plant growth
and enhance plant immunity (Saldajeno and Hyakumachi,
2011). These multipartite associations greatly contribute to plant
development and growth. Table 2 below is a summary of AM
fungi and associated bacteria and their synergistic effect on
potato development.

The ability of a plant to have and maintain multiple microbial
associations maximizes the benefits accruing to the plant.
To conserve these interactions, it is important to understand
which type of AM fungi associate with any specific staple
crop, and which microorganisms associate harmoniously with
the dominant AM fungal species for each crop. It is not
sufficient simply to know the existing microorganisms, but it
is also necessary to evaluate which cropping systems and crop
associations enhance and maintain such synergies.

RECOMMENDATIONS FOR COMMERCIAL
AND SMALL-SCALE CROP PRODUCTION

While the purchase of AM fungus inoculum is expensive,
managing existing populations may be the best approach
for acquiring benefits conferred by symbionts. Conventional
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practices which utilize tillage, monoculture, pesticides, and
intense fertilization interfere with soil microbial dynamics,
negatively affecting AM fungal symbiosis, resulting in diluted
micronutrient supplies and leading to poor soil structure.
Adopting conservation agricultural systems would favor AM
fungal and microbial proliferation in the soil. We suggest the use
of conservation systems that utilize organic fertilizer (for example
seaweed extracts and animal manure), cover crops, crop rotations
and no-tillage. Crops with high AM fungal responses such as
maize, wheat and legumes should be utilized in crop rotations
with potatoes. We also highlight that symbiosis is affected by
both AM fungal and potato genotype, and thus it would not be
enough to have a practice that focuses only on the AM fungal
population. Thus, it would be appropriate for the potato-growing
industry to collaborate with academia in researching the extent
to which different conservation farming practices affect potato
AM fungal populations, and thus influence functional AM fungi
against potato genotypes. This would encourage natural selection
for functionally beneficial AM fungi, either individually or in
a consortium, for any potato genotype. Since agro-ecological
zones vary across Africa, differentially influencing symbiosis,
we encourage in-country research for the identification of
applicable conservation agricultural practices suited to these
ecological zones. Furthermore, since AM fungi and other soil
microorganisms such as bacteria are interdependent, suitable
conservation practices should allow greater exploitation of
such interactions.

CONCLUSION

Potato production is vital for food security within the African
continent and increasing population numbers will soon give rise
to further increase in demand. This pressure will most likely
result in intensified conventional farming practices. However,
from this review of current research into the growing of potatoes,
it is clear that the use of arbuscular mycorrhizal fungi and

other potential symbionts can help to promote sustainable
agriculture, whilst at the same time producing high quality
and high yielding potato crops, presenting a potentially highly
advantageous, less damaging and more sustainable alternative.
This would be reliant on the ability to maintain mycorrhizal
populations and associates, requiring the practice of conservation
agriculture that will increase the diversity and populations of
AM fungal species, while positively selecting for AM fungi
most functional with chosen potato cultivars. This can be done
using crop rotations with favorable crop species, less tillage
and the use of organic manure, which will increase AM fungal
proliferation and that of AM fungus associated microorganisms,
among others. Ultimately, the conservation practice should be
able to balance nutrient provision, weed control and water usage,
whilst promoting functional AM fungi and maintaining soil
microbial dynamics. To benefit from AM fungal intervention,
research in Africa should focus on the individual ecological
zones to identify the conservation agriculture approach and
the varying potato genotypes and symbionts best suited to
local conditions. Such systems employing effective mycorrhizal
interventions could promote sustainable potato production
across Africa.
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