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Abstract

Four strains of Arbuscular Mycorrhizal (AM) biofertilizer fungi, combined with two potato cultivars, were
in-field tested in a four-replicate arrangement in a factorial experiment. As far as general combinability is
concerned, cv. Agria was more responsive to different inocula (yield +5.56%, P 0.02) and to two strains in
particular (+8%). On the other hand, the results with Innovator, a cultivar that yields 33% less than Agria,
showed a significant reduction in the number of tubers for three AM strains, thus proving a clear genetic
Biofertilizer * Cultivar interaction. The study of hay litter-bags has shown a high NIR spectral fingerprint for the
Cultivar factor (81%), while the Inoculation factor showed a higher spectral fingerprint in Agria (76%) than
in Innovator (65%). The Substrate Induced Respiration predicted from the NIR-SCiO spectra of the litter-bags
was significantly increased after inoculation (+6.3%, P 0.04), but appeared lower for Agria
(-5.4%) vs. Innovator (P 0.05), with a non-significant interaction. The obtained results show that the adaptation
of the AM strains to the genetics of potato cultivars is a first step toward reducing chemical inputs, with
consequent benefits for the environment, but without an excessive reduction in yield. The litter-bag technique
can therefore be recommended for a simplified monitoring of the complicated plant-mycorrhizosphere
relationship.
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Introduction

In 1990, Reganold et al' pointed out that
sustainability in agriculture was afflicted by serious
problems:  “high  energy  costs,  groundwater
contamination, soil erosion, loss of productivity,
depletion of fossil resources, low farm incomes and risks
to human health and wildlife habitats”. Thirty years
later, progress in agriculture has increased crop yields to
face the rapidly growing human population, which is
increasing at a rate of 70 million per year. However, the
greater use of chemical fertilizers and pesticides, as a
result of the spread of animal husbandry and therefore
of the increased leaching of excreta, has led to a greater
pollution of the environment, through poisoning of the
air, soil and water, which in turn has led to the
accumulation of toxic residues in food, as well as the
development of the resistance of pests. As a result, less
invasive remedies, such as reduced tillage, organic
farming and botanical insecticides have been
introduced®. Moreover, since much of humanity is fed
inadequately and many food productive systems have
been pushed beyond safe boundaries, a radical
transformation in modern agriculture, evolving from the
BAU paradigm®, is being pursued. Sustainability in
intensive crop production requires a reduction in
chemical inputs, and biofertilizers are therefore being
encouraged, with benefits for the environment, but
without an excessive reduction in yield, in the search for
an optimum economic vs. a maximum system® >,

Many experiments have shown that Arbuscular
Mycorrhizal (AM) biofertilizer fungi can overcome the
nutrient limitations on plant growth by enhancing
nutrient acquisition. Furthermore, their benefits ranges
from stress alleviation to bioremediation in soils polluted
with heavy metals®. Biofertilizers may also enhance the
protection of plants against pathogens and increase
plant diversity’.

Potato plants are known to be sensitive to water
stress and have a low P uptake, due to their rarefied
root hair system. Therefore, AM fungi can alleviate
abiotic stress caused by low levels of P and/or a partially
localized water deficit®, An economic potato yield can
only be achieved through a suitable irrigation and
through fertilization, provided that a critical Olsen-P
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concentration of 46 mg/kg is attained to achieve a
maximum production of 90%”°.

The objective of the current study has been to
study the influence of AM on the growth of potato plants
of different cultivars, without limited water and P
resources. Since functional diversity is present in AM
symbiosis, with different combinations of plants and AM
species'?, and since potato plants usually have a modest
AM root colonization, compared with other crops'?, four
AM species were introduced to test for any differences in
general and to establish the specific combinability of
each species with two widely used potato cultivars.

The litter-bag technique, coupled with NIR
spectra, has recently been developed as a simplified
monitoring system of the complicated plant -
mycorrhizosphere relationship in biofertilizer
experiments 2,

Experimental Procedures

In the framework of biofertilizer studies, four
types of AM fungi have been tested their general and
specific combinability with two potato cultivars. The
productive traits were determined, in a testing station,
through the NIRS litter-bag technique'?, a method that
was developed as a rapid analysis resulting from the
availability of the NIR-SCIO smart device. A general
holistic model has recently been applied to Olive
orchards®® suffering from Xylella attacks and to a corn
yield model'*, which included scanning the leaves and
determining the foliar pH, two methods that have not
been applied in the present study because of the
excessive distance of the fields from the test station,
which has prevented the green perishable material, such
as the leaves, from being analyzed precisely.

Material and Methods

In 2018, four types of Arbuscular Mycorrhizae
(AM) (Table 1) were multiplied in Sorghum sudanensis
plants at the CCS-Aosta farm-factory. The whole
mycorrhizosphere, including the substrate, was carefully
ground using an industrial meat grinder. In 2019, the
resulting material was delivered to the Rusthoeve station
(Molenweg, 4675 RB Colijnsplaat, The Netherlands,
51.589589, 3.847216) in a soil characterized by a high
sand content (39%), N-tot 3300 kg ha™, C/N ratio 10,
OC 1%, OC/Organic matter ratio 0.5, P (available\stock)
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3.8\810 kg ha, CEC 154 cmol. kg *, pH 7.2. The four
AM were distributed by hand, near the tubers, at a dose
of 4000 g ha and at a density of 5555 plants ha™. The
cultivation started on April 23, with an irrigation on July
16, using 200 kg N ha, up to the harvest on October
10. The four AM fungi (A, B, C, D) strains in the factorial
experiment plus the Control (K) were test-field studied
and combined with two potato cultivars, that is, Agria
and Innovator, in a four replicate arrangement, with 20
plant seeds per plotl. One week after seeding, 60
litterbags (3 plot™) were buried near the tubers, were
extracted on July 16, and were then returned to Italy,
where they were dried at 65°C for 36 h and scanned in
triple.

The chemometric elaborations were carried out
by means of SCiO™-Lab software, using the random
forest classificatory method. The method used for the
two cultivars considered the Spectral Fingerprint of the
biofertilized litterbags (SF_A-D), compared to the
Control (SF_K) cells, and the cultivars were tested for
probability as one proportion, using MedCalc online
software.

An NIR-SCiO equation, taken from an
experimental trial on tomato plants'*, was used to obtain
an indirect estimate of the substrate induced respiration
(SIR) capacity. The latter was measured according to
Anderson and Domsch’®. The correlation between the
estimated and measured data resulted to be sufficiently
high to be considered reliable under comparable
conditions.

Individual data of the SIR capacity were
analyzed, by means of a bi-factorial linear model®®, with
the Biofertilizer and Cultivar factors, completed with
their interaction.

Yield data from the Control and biofertilized
sub-plots and their size effects were analyzed using
Friedman’s test for paired comparisons®’.

Results

Divergent results were obtained for the two
cultivars (Table 1). The average effect of size on the
yield of Agria amounted to +5.56% (P 0.02), with
differences in favor of the C (Septoglomus constrictum )
biofertilizer, with as much as +7% in the number of
tubers. On the other hand, the Innovator cultivar
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responded negatively to the biofertilizers, and the tubers
were reduced (-11.82%, P 0.01), as was the yield
(-5.62%, P 0.07).

The two dimensions of the letter-bags are
highlighted in Figure 1, namely the Substrate Induced
Respiration (SIR) on the abscises and the Spectral
Fingerprint (SF) on the ordinate.

The respiratory parameter of the soil responded
positively to the biofertilizers, with an average value of
223 mcg CO, g in the control, which increased to 237
in the biofertilized samples (+6%, P 0.04). On the other
hand, the values of the litter-bags from the Agria cultivar
were significantly below the respiratory values of the
Innovator cultivar by about -5% (P 0.05), but there was
no interaction between the cultivar and the biofertilizer
factors (P 0.37).

Unlike the trend observed for the SIR
parameter, the spectral fingerprinting of the litterbags
from the Agria cultivar obtained a signature of 0.76,
which was significantly higher (P 0.02) than the 0.65
obtained from the Innovator cultivar. The biofertilized
litter-bags showed an average prevalence of +0.08 vs.
the Control (P 0.03).

The positive correlation of the respiratory and
the fingerprint appears throughout Figure 1 (green
arrows facing up), where the polynomial regressions of
SF on SIR averaged R? 0.58 for the four subgroups, with
a minimum of 0.27 in the biofertilized Znnovator cultivar.

Discussion

The preliminary results from this experiment
confirm the luxuriating effects albeit of an emersion of a
genotype * genotype interaction. The maximum amount
of +8% registered for Septoglomus constrictum (C) in
Agria was comparable with the results of a wide range
of extension field tests published by Hijri'® involving 231
pairwise field trials on an affirmed biofertilizer in North
America and Europe applying a calculated 71 spores of
Rhizophagus irregularis (formerly named Glomus
intraradices and then Glomus irregulare) per seed. A
relevant increase in yield of the biofertilized fields (42.2 t
ha') vs. the controls (38.3 t ha?, +10.1% * 14%,
P<0.0001) was found over a period of four years. The
Author fixed the break-even point at +1.7%, and the
outcome was economically positive in 79% of the cases.
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Table 1. Results of the average productive traits for the two cultivars, according the biofertilizers and
effect of size (Lh A+D/K) and general probability as obtained from Friedman's test.

"
Biofertilizer Cultivar
Agria Innovator
) Mean Mean
Yield .
#Tubers | tuber Yield #Tubers tuber
weight weight
t ha_1 -1 -1 -1
k ha g t ha k ha g
A) Funnelif
) Funneliformus mosseae 52.500b |325b |162 31.389 |300b 104
IT201
B) Gigaspora gigantea PA125 54.625 ab |344ab | 160 33.028 (347 ab 96
Q) Septogh trict
) Septoglomus constrictum | op o150 1354|152 33292 [322ab 109
FL328
D) Scutell Jucic
) Scuteljospora peliucida 56.000 ab |349 ab | 161 32222 |285b 116
MN408A
K) Control 51.875b |347ab |154 34.417 |356 a 99
Effect Size
Ln A/K 1.2% 6.6% |7.8% 9.2% |-17.0% | 7.8%
Ln B/K 5.2% 0.8% |6.0% 41% | -2.4% -1.7%
Ln C/K 7.5% 7.0%  |0.5% 33%  |-9.8% 6.5%
Ln D/K 7.7% 0.4%  |7.3% 6.6% |-22.2%  |15.6%
Ln Mean A<D / K 5.56%  |0.10% |3.42%  |-5.62% |-11.82% |7.60%
P general (Biofertilizer) 0.02 0.36 0.45 0.07 0.01 0.65

a>b; P 0.05 (Friedman'’s test)
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Figure 1. Plot of the Substrate Induced Respiration (X axis, SIR, mcg CO,g™
vs. the Spectral Fingerprint (Y axis, SF) of the litterbags for the non-inoculated
control (K, circle and empty triangle) and biofertilized A,B,C,D (circle and full
triangle) for the two cultivars Agria (circle) and Innovator (triangle), with fitted
regressions of SF on SIR. The average SIR effects for the biofertilizers (K 223,
A-D 237, +6%, P 0.04) and for the cultivar (P<0.001) are reported at the
margin of the X axis. The average SF responses for the Agria cultivar ( SF 0.73
for K and 0.79 for A-D, P<0.001) and Znnovator cultivar (SF 0.60 for K and 0.69
for A-D, P 0.157 and 0.005, respectively) are reported at the margin of the Y

axis.

When the original data from the supplementary table
was considered, the result was only negative in 35
pairwise cases (15%), while when classified by cultivar,
it emerged that Innovator excelled as far as the yield is
concerned by +14% s, the control (36.0 t ha™).
However, the positive results of the 19 censed varieties
were characterized by a coefficient of variation of 84%
(+10% = 8%). In the present work, the average
standard control yield for Innovator obtained in Holland
was 34.4 t ha?, while it was 51.9 t ha™ for Agria.
Rhizophagus irregularis DAOM 197198 was not present
in the current work, but it should be considered that
strain variations within that species could lead to
different results. For example, Kokkoris et al'°
compared commercial Rhizophagus irregularis DAOM
197198 samples with locally sourced Rhizophagus
irregularis GD50 samples inoculated into five crop plants
and five wild plants. Pots (3 L) were filled with a 3.5 kg
mix of a sterile medium. No effect on the total biomass
was detected, but a variable interactive effect was
observed for the P content of the leaf, particularly for

wild plants. All the commercial strain plants had a lower
leaf P. Overall, these data show that the favorable
results previously observed for potato cannot be
replicated for Zea mays, Linum usitatissimum, Triticum
aestivum, Glycine max or Lens culinaris. Moreover, the
quality characteristics of the leaves may be affected by
different strains and may be involved in a theoretical
framework that can predict mutualistic outcomes for AM.

Douds et al®® tested commercially available
inoculum containing  Glomus intraradices (now
Rhizophagus irregularis) DAOM 197198 in the potato cv.
Superior and obtained 370 g plant? vs. 270 in the
control (+37%) in one experiment and 400 g plant™? vs.
340 in the control (+18%) in a second experiment. The
control consisted of a compost made up of 15 cm®of a
1:9 mixture of yard clippings and vermiculite to provide
nutrients and the natural background microorganisms.

Davies et a/ !, in a test on Glomus intraradices
in Peruvian potato (Solanum tuberosum L.) Yungay
found that the size effect for mycorrhizal inoculation,
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compared to a sterilized medium condition, ranged from
+44% to +57%, thus indicating that Ywungay was
moderately to highly mycorrhizal dependent.

Lone et al** studied the compatibility of a
mycorrhizal fungus with potato plants under a sterilized
soil condition and phenotyped Jyotiand TPS potato plant
cultivars inoculated with Glomus intraradices and G.
mosseae. The fresh plant weights on the 80" day were
126.8 and 107.4 g for the inoculated Jyoti (+19%) and
the control, vs. 26.6 and 22.8 (+17%) for T7PS,
respectively. The chlorophyll content was also higher in
the AM inoculated samples than in the control.

According to Rai 2, inoculation of the Kufri

Lalima and Kufri Sindhuri with Glomus mosseae and G.
fasciculatum potato cultivars increased yields by 4.2 and
5.5%, respectively.

The biofertilizer dose can be under the
Mitscherlich law. Three biofertilizers were compared in
one potato cv., Kufri Sindhur??, at doses of 250, 500,
750 g hal. One product was identified as the best to
increase all the growth, yield and quality parameters.
The optimum concentration was found to be the
minimum one, that is, 250 g ha™. Both the mycorrhizal
products produced adverse effects on all the growth and
yield parameters at much higher concentrations. The
Authors suggested that AM should be used as a
supplement, along with commonly used fertilizers, to
increase the growth and yield.

According to Sakha et a/®, no AM * cultivar
interaction was detected in sweet potatoes under
natural field conditions when a mix of Rhizophagus
irregularis, Funneliformis mosseae, Claroideoglomus
claroideum and Claroideoglomus etunicatum was
inoculated into two cultivars. The size effect was +30%
for the vine length, -4% for the number of branches,
+18% for the marketable weight and +29% for the
shoot biomass.

A critical point is the choice for the level of
mineral fertilization vs. the zero level in the control plots.
Mukongo et al*® investigated how to reduce inorganic P
fertilizer in sweet potato, under natural field conditions,
considering two soil-season conditions by integrating N
and K with a mix of two AM biofertilizers, namely i)
Glomus mosseae, G. intraradices, G. etunicatum, G.
claroideumn and i) Glomus and Gigaspora spp. with
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Bacillus megaterium var. phosphaticum. The results of
the three-factorial experiment were quite promising
when the size effect referred to the zero control.

However, no evident effect emerged when the
biofertilized plots were compared with the true
conventional and fertilized control. Furthermore,
biofertilizer ii) enhanced a negative interaction

(yield -14% in the zero control and -31% in the fertilized
control) for the more productive condition. The results
also show that starter nutrients should be included to
obtain a significant contribution from AM in nutrient
depleted soils.

The results of Ekin et a/.¥’, with reference to the
optimization of biofertilizers with mineral elements,
indicate that Glomus intraradices inoculation has a great
potential to decrease potassium fertilizer levels in the
Granola potato cv. On average, the marginal yield was
+0.7% kg K*, which increased to +1.9% kg K* with
AM, that is, with a size effect of +27%, but,
interestingly, an optimum of +40% was found for a dose
of 10 kg K.

Other effects that can corroborate natural AM
sources can be obtained through the use of potassium
phosphites (KPhi). Tambascio et a/.®, at the McCain
Experimental Station, Balcarce, Argentina, observed that
the application of KPhi to Shepody and Kennebec
cultivars reduced the period between planting and
emergence, increased the leaf area and dry matter and
increased the incidence of autochtonous AM.

Rhizophagus irregularis is ubiquitous in the
natural environment and is reportedly a preferential
colonizer of potato plants in agricultural systems
throughout Italy?®, and the /n vitro mass-production of
different strains of that species has been found to
significantly increase the vyields of the globally important
crop cassava®’. Other works®*? favor the on-farm
production of the inoculum of indigenous AM
biofertilizers.

In this experiment, the litter-bag features were
closely correlated with the yield, thus confirming the
importance of the respiratory capacity of the control soil
and above all the increment that is realized after the
inoculation, as clearly outlined in Figure 2. In fact, a
multivariate relationships on the averages of the eight
sub-groups allowed a model with R®> 0.67, thus
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Figure 2. Plot of the measured vs. predicted paired responses of
the Yield effect size (In A-D/K) in the two cultivars

confirming the effectiveness of the holistic symbiotic
models build in the previous experiments for Olive’* and
Corn*.

Conclusion

The main result of this experiment is that a
possible AM * cultivar interaction, which had previously
been shown for corn!®, has been confirmed. Thus, the
adaptation of AM strains to the genetics of potato
cultivars can be considered a first step toward reducing
chemical inputs, with benefits for the environment, but
without an excessive reduction in yield.

The litter-bag technique may be recommended
for a simplified monitoring of the complicated
plant-mycorrhizospher relationship, preferably combined
with a foliar pH measurement.
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