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Inoculation with arbuscular
mycorrhizal fungi at the seedling
stage of potatoes improves
phosphorus use efficiency

Xiaoyu Liu'?, Jing Yu!, Jie Wei3, Yonglin Qin'*, Xiaohua Shi?,
Kun Liu?, Liguo Jia' and Mingshou Fan'*

!College of Agronomy, Inner Mongolia Agricultural University, Hohhot, China, ?2Inner Mongolia
Academy of Agricultural and Animal Husbandry Sciences, Hohhot, China, *College of Life Sciences,
Inner Mongolia University, Hohhot, China

In potato production, relatively low phosphorus use efficiency (PUE) leads to
excessive phosphorus (P) fertilizer application in many regions, resulting in
increasingly environmental risks. Consequently, an increasing number of researchers
have started to explore the ways to improve the PUE. The symbiosis between
arbuscular mycorrhizal fungi (AMF) and crop roots enhances P uptake. However,
the effectiveness of AMF inoculation under field conditions depends on the
environment and agronomic managements. In Inner Mongolia, China, few field
experiments have been conducted on AMF inoculation in potato production. This
is mainly due to low estimates of AMF colonization attributed to fungicide use in
seed tuber treatments and soil mechanical disturbance caused by ridging. This
study aimed to test whether inoculation with AMF after ridging at the seedling
stage could improve AMF colonization in potatoes, thereby enhancing P uptake
and tuber yield. Field experiments were conducted in Inner Mongolia to compare
the effects of AMF inoculation after ridging at seedling stage versus inoculating
seed potato with AMF during sowing, and to investigate the potential of reducing
the P application rate through inoculation with AMF in potato production. The
AMF colonization rate, soil hyphal density, P uptake, plant growth and tuber yield
of potatoes under different treatments were measured. The results showed that
compared with AMF inoculation at sowing, inoculation after ridging at the seedling
stage significantly increased AMF colonization by 8 percentage points. This led
to a significant improvement in P uptake and potato growth, ultimately resulting
in a yield increase of approximately 6%. Further findings showed that reducing P
application by 25% from the conventional rate (160 kg P,Os ha™) led to significant
yield loss. Whereas with AMF inoculation at the seedling stage, yield levels were
maintained and the partial factor productivity of P fertilizer (PFP) was increased
by an average of 39%. In conclusion, this study reveals that AMF inoculation after
ridging can mitigate the negative impacts of fungicides in seed tuber treatment
and ridging-caused soil disturbance on AMF colonization. It highlights importance
of inoculation timing for achieving higher AMF population density. Moreover, the
study demonstrates that the developed AMF inoculation enables a reduction of
P fertilizer application in potato production. This provides a viable approach to
enhance PUE and promote sustainable potato production in areas such as Inner
Mongolia. It carries significant agronomic and environmental implications.

KEYWORDS

AMF infection rate, potato growth, soil mycorrhizal hyphal density, phosphorus
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1 Introduction

As Phosphorus (P) is relatively immobile in the soil and soluble P
fertilizers added to soil become fixed over time (IHinsinger, 2001;
Richardson et al., 2009), crops only utilize less than 30% of P fertilizer
in the first year after P application (Syers et al,, 2008; Rosen et al., 2014;
Fernandes et al., 2015). Thus, an increasing number of researches has
been attracted to improving the P use efficiency (PUE) in crop
production systems.

Potato (Solanum tuberosum L.) ranks the fourth most commonly
grown crop in the world, after corn (Zea mays L.), wheat (Triticum
aestivum L.), and rice (Oryza sativa L.). Its annual planting area is
approximately 21.37 million hectares globally (FAO, 2023). Adequate
soil P availability is critical for plant development, tuber formation
and tuber maturity enhancement (Jenkins and Ali, 2000; Rosen and
Bierman Peter, 2008). On the other hand, P deficiency significantly
reduces the tuber number per plant and impairs tuber quality
(Hopkins et al., 2010;Rosen et al., 2014; Fernandes et al., 2015).
However, the biological characteristics of potatoes, such as shallow
rooting system and lower root density (Iwama, 2008; Thornton et al.,
2014; Wu et al,, 2022), result in low PUE of potatoes. Potato farmers
subsequently use more P fertilizer for potatoes than for other crops
to ensure an ideal yield (Rosen et al., 2014; Fan, 2019). For instance,
more than 180 kg P,Os ha™' is usually applied in the potato
production in Inner Mongolia of China (Qin et al., 2021). This leads
to a further decrease in PUE, an increase in production price, and
continuous soil P accumulation. The loss of farmland P is a crucial
factor contributing to water body pollution. Eutrophication can
be triggered when the aqueous P concentration is as low as 0.02 mg
P/L (Correll, 1998). As a result, the continuous accumulation of soil
P can lead to substantial environmental pollution via surface runoff,
soil erosion, and the leaching of soil P (Liu et al., 2023). Thus,
improving P use efficiency is particularly important in potato
production (Rosen et al., 2014; Fernandes and Soratto, 2016; Soratto
et al., 2020). The symbiosis between arbuscular mycorrhizal fungi
(AMF) and plant roots is a well-known beneficial interaction in the
soil system (Cely et al., 2016). The hair-like hyphae extend extensively
into the soil matrix far beyond the reach of the root system. It
significantly expands the root area and functions as efficient conduits
to enhance plant nutrient acquisition, particularly phosphorus (Smith
and Smith, 2012; Mai et al, 2019). Therefore, the symbiotic
associations of potato roots with arbuscular mycorrhizal fungi (AMF)
have received growing attention for improving P uptake efficiency
(Douds et al., 2007; Hopkins et al., 2014; Hijri, 2016; Carrara et al.,
2023). However, it is crucial to note that the effectiveness of AMF
symbiosis in enhancing P uptake can be influenced by various factors
(Smith and Smith, 2011). In some crop production scenarios, there
are marked positive responses to AMF inoculation in terms of P
uptake, while others show no response (Duan et al, 2011;

TABLE 1 Soil physical and chemical properties of the experimental fields.
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Klironomos, 2003; Smith and Smith, 2011). Although numerous pot
experiments using radioisotopes (**P and *P) to directly track and
quantify P uptake via AMF have demonstrated very significant
contributions in crops (Li et al., 2006; Grace et al., 2009; Smith and
Smith, 2011), the effects of inoculation with AMF under field
conditions are determined by various factors, including the
environment, management, and methods of inoculation (Kabir, 2005;
Koyama et al., 2019; Soti et al., 2023; Ghorui et al., 2024). Thus, the
effects of AMF inoculation need to be evaluated on a case-by-case
basis. In some potato production regions, inoculation was performed
via the spraying of a suspension of AMF spores onto potato seeds
(Hijri, 2016) or placing the inoculum directly beneath the seed potato
(Douds et al., 2007). Nevertheless, no research on inoculation of
AMEF on potatoes under field condition has been reported in semiarid
regions, such as Inner Mongolia (one of the largest potato-planting
provinces in China).

Local agricultural practices, such as treatment of seed tubers with
fungicides and ridging during emergence (Fan, 2019), present
significant challenges to the establishment of AMF. Ridging, while
beneficial for tuber development, physically disrupts the established
hyphal networks in the soil. Fungicides applied to seed tubers, which
are crucial for protecting against soil-borne diseases, inhibit the
germination and growth of AMF spores. These factors collectively
explain the absence of research on AMF inoculation in potatoes under
field conditions in the region. We hypothesize that inoculation with
AMEF after ridging at seedling stage may avoid soil disturbance by
ridging and mitigate the negative effects on AMF colonization caused
by the fungicides used in seed potato treatment, subsequently
resulting in positive outcomes.

The objectives of this study were to: 1. Conduct experiments in
Inner Mongolia to compare the effects of inoculation with AMF after
ridging at seedling stage versus inoculating seed potato with AMF
during sowing; 2. Investigate the potential of reducing the P
application rate through inoculation with AMF in potato production.
Key parameters measured included the AMF colonization rate, soil
hyphal density, P uptake, plant growth and tuber yield of potatoes
under different treatments.

2 Materials and methods
2.1 Experiment 1

Experiment 1 was conducted in 2020 in Chayouzhongqi, Inner
Mongolia (41°30'N, 112°64'E). The soil texture is sandy loam, and
other physicochemical properties of the soil are shown in Table 1. The
region has a temperate continental monsoon climate, with an annual
average temperature of 1.3°C and an annual average precipitation of
~300 mm; therefore, irrigation is necessary for potato production.

Exchangeable K Organic matter Bulk weight
(mg/kg) (9/ka) (g/cm3)
2020 1.16 9.50 94.00 18.30 1.35 8.10
2021 1.65 13.38 99.80 24.32 1.38 7.95
2022 1.50 12.16 103.94 22.87 1.36 8.01
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Four treatments were designed, as shown in Table 2. The
experiment adopted a randomized complete block design with
three replicates. Each plot covered 90 m?* and contained potato
plants (cultivar Kexin-1) in rows 90 cm apart, with 20 cm between
plants within a row. A drip irrigation system was used in the
experiment. No P was applied in control treatment (CK). In
contrast, 160 kg P,Os ha™' was applied for each of the other
treatments. The P source was monoammonium phosphate (61%
P,0:s). For each treatment, 300 kg N ha™' as control-released urea
and 300 kg K,O ha™' as potassium sulfate were applied. The total
amounts of N, P, and K fertilizers were applied as a basal dose
through broadcast application during the sowing. The potatoes were
sown on May 3 and were harvested on September 7. A commercial
AMEF inoculum with Rhizophagus intraradices (Nanjing Cuijingyuan
Biotechnology Co., Ltd., China) was used for the M1+ and M2+
treatments. For the M1+ treatment, AMF inoculation was carried
out by applying a 225 g L™! inoculum suspension to seed potato
tubers. A total of 5 L of the inoculum suspension was used for the
seed tubers in each plot, resulting in an application rate of 2.25 g
inoculum (containing approximately 100 spores) per seed tuber. For
M2+, inoculation was conducted on Day 8 after emergence through
injecting a 11.25 g L™" inoculum suspension into the soil. The
injection points were 20 cm beneath the soil surface, on both sides
of each seedling, 10 cm away from the seedling. Each injection hole
received 0.1 L of the liquid suspension, so that each plant was
inoculated with 2.25g of the inoculum. M- represents the
treatment without AMF inoculation, CK represents the treatment
which there is neither AMF inoculation nor the application of P
fertilizer. In all treatments, the seed tubers were treated with
fungicides in the manner commonly used in local potato cultivation
(Fan, 2019).

2.2 Experiment 2

Experiment 2 was conducted in 2021 and 2022 at the same area as
in Experiment 1. As shown in Table 3, three treatments were designed:
conventional P application rate or farmer practice mode, denoted as
CK; A reduction of 25% in P application rate, denoted as P1; a
reduction of 25% in P application rate with inoculating AMF at
seedling stage, denoted as P1-M+. The AMF inoculation method used
M2+ as in Experiment 1. The experiment adopted a randomized
complete block design with three replicates. Each plot covered 90 m?
and contained potato plants (cultivar Kexin-1) in rows 90 cm apart,
with 20 cm between plants within a row. The nitrogen and potassium
fertilizer rates used were the same as those used in Experiment 1. The
potatoes were sown on May 3 in 2021 and May 4 in 2022, and were
harvested on September 7 and September 3 in 2021 and 2022,
respectively.

2.3 Sampling and measurements

2.3.1 Plant dry weight, leaf area index,
phosphorus concentration, and mycorrhizal
colonization rate

At the tuber formation stage and tuber bulking stage of potatoes
each year, three plants were randomly sampled from each plot and
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TABLE 2 Treatments for Exp. 1in 2020.

Treatment P fertilizer =~ AMF Inoculation
rate (kg ha™)

CK 0 None

M- 160 None

MI+ 160 Spraying a suspension of AMF agent
onto potato seed pieces when sowing.

M2+ 160 Injecting AMF agent suspension into
the potato rooting zone at the seedling
stage.

TABLE 3 Treatments for Exp. 2 in 2021 and 2022.

Treatment P fertilizer rate ~ AMF inoculation
(kg ha™)

CK 160 None

P1 120 None

P1-M+ 120 +

then separated according to their roots, stems, leaves, and tubers. The
fresh mass of each plant part was measured, and leaf area was
measured using a plant leaf scanner (LA-S, Hangzhou, China). The
leaf area index (LAI) was measured according to LAI = total leaf area/
land area (Cui et al., 2020). After the fresh weight of each part was
recorded, half of the root samples were kept in a refrigerator for
mycorrhizal colonization rate counting, and all other plant samples
were subsequently dried at 80°C to a constant weight for subsequent
weighing and P nutrient analysis. Each dry sample was ground and
sieved through a 0.25 mm sieve. Subsequently, it was digested in a
mixture of H,SO, and H,0,. After digestion, the total P concentration
was determined spectrophotometrically via a continuous flow
analyzer system (SKALAR SAN++, Netherlands). When counting the
mycorrhizal colonization rate, 30 roots were randomly selected from
each treatment, then they were cut into 1 cm segments. Subsequently,
the segments were cleaned with 10% (w/v) KOH solution at 90°C for
1 h. After staining the root samples with trypan blue, the observation
of the samples and the counting of mycorrhizal colonization were
conducted under a microscope employing the grid-cross method
(Phillips and Hayman, 1970).

2.3.2 Soil hyphal length density

During the tuber bulking stage, soil samples were collected at five
vertical depths (0-10, 10-20, 20-30, 30-40, and 40-50 cm) 0, 3.75,
and 7.5 cm apart from the drip tape emitter; five sites were randomly
sampled in each plot. After being air dried, the soil samples were
passed through a 1 mm sieve for determination of the soil AMF
density. The 1 mm sieve was selected primarily because it can retain
root residues and sand particles, while allowing AMF hyphae, which
have a diameter ranging from 2 to 20 micrometers, to pass through
unhindered. This minimizes interference during microscopic
observation (Wang et al., 2021). External mycorrhizal hyphae were
extracted from six 5 g portions of air-dried substrate by the membrane
filter technique. The hyphal length was measured using the gridline
intercept method at a magnification of 200x. Subsequently, the
measured value was converted into soil hyphal length density,
following the method described by Zhang et al. (2018).
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2.3.3 Tuber yield

At the end of each experiment, potatoes in 30 m” of each plot were
manually harvested, and the tuber yields were calculated as t ha™".

2.4 Calculation and statistics

2.4.1 Partial factor productivity of P fertilizer
(PFPy)

The partial factor productivity of P fertilizer (PFP;) provides an
intuitive assessment of its contribution to crop yield, thereby enabling
the evaluation of its application effectiveness. PFP, was calculated via
the following formula:

PFPp (kg kg_l) =Z—‘l’)

where Y, is the potato yield (kg ha™') and Aj is the applied P
fertilizer (kg ha™).

2.4.2 Hyphal length density (HLD)

The hyphal length density (HLD) can be used to understand the
growth status, reproduction rate, and distribution characteristics of
soil arbuscular mycorrhizal fungi, so as to assess the ecological
function of AME. It was calculated via the following formula:

HLD = Hyphal length / soil weight

2.4.3 Statistical methods

Data analysis was performed via SPSS 25.0 software (Version 25.0;
SPSS, Inc., Chicago, IL, USA). The plots were created via Surfer 13.0
(Golden Software, Inc., Golden) and Origin 2021 (Origin Lab,
Northampton, MA, USA). ANOVA and Tukey’s test were used to
evaluate the significance of results at level of p < 0.05.

3 Results

3.1 Responses of potato growth and
phosphorus uptake to mycorrhizal agent
inoculation time

3.1.1 Mycorrhizal colonization rate

For Experiment 1, the mycorrhizal colonization rates of potatoes
at different inoculation times were measured at the tuber formation
stage and tuber bulking stage. Compared with inoculation with the
AMEF agent at sowing (M1+), inoculation with the AMF agent at the
seedling stage (M2+) resulted in 11 and 13 percentage points greater
mycorrhizal colonization rates (p < 0.05) at the tuber formation stage
and tuber bulking stage, respectively. The mycorrhizal colonization
rates under no P fertilizer application (CK) were the lowest, ranging
from 14 to 16% after tuber formation. P application (with an amount
of 160 kg P,Os ha™') without AMF inoculation (M—) resulted in
higher mycorrhizal infection rates than did the CK at both growth
stages (p <0.05), which ranged from 17 to 23%. However, no
significant difference was observed between M— and M1+ (p > 0.05)
(Figure 1). Figure 1 also shows that the mycorrhizal colonization rates
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increased from the tuber formation stage to the tuber bulking stage
for all the treatments.

3.1.2 Leaf area index

The leaf area index (LAI) increased with potato growth, reached
a maximum at the starch accumulation stage, and then decreased.
Under CK (no P treatment), the LAI was always the lowest during
potato growth. At the seedling stage and tuber formation stage, no
difference was observed among the other three treatments (p > 0.05),
whereas from the tuber bulking stage to preharvest, the LAT under
M2+ was significantly greater than that under M1+ or M— (p < 0.05),
which reached 7.38 on average at the starch accumulation stage,
approximately 11% greater than that under M1+. No significant
difference in the LAI was detected between M1+ and M— during
potato growth (p > 0.05) (Figure 2).

Mycorrhizal colonization rate(%)

Tuber formation Tuber bulking

Growth stage

FIGURE 1

Colonization rate of arbuscular mycorrhizae in potatoes at different
growth stages (Exp. 1). Different letters denote significant differences
among treatments within the same growth stage (p < 0.05).

84
L Jck
[ M-
Cmi+
o M+
»
i)
<
g
<
g aga
5 b
2 -
baaa
0 -
Seedling Tuber Tuber Starch Preharvest
formation bulking accumulation
Growth stage
FIGURE 2

Leaf area indices of potatoes at different growth stages in Exp. 1.
Different small letters denote significant differences among
treatments at the same growth stage (p < 0.05).
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3.1.3 Plant dry weight

Figure 3 illustrates the temporal dynamics of plant dry weight
(DW) throughout potato growth, with values progressively increasing
to reach maximum levels at the preharvest stage. Throughout the
growth cycle, the CK consistently exhibited the lowest DW values.
During the seedling stage and tuber formation stage, no significant
difference was observed among M—, M1+, and M2+ (p > 0.05),
whereas from the tuber bulking stage to preharvest, the DW under
M2+ was significantly greater than that under M1+ or M— (p < 0.05).
Notably, no statistically significant difference was detected between
MI+ and M— in DW at any growth stage (p > 0.05). These DW
patterns showed strong correspondence with the mycorrhizal
infection rates (Figure 1) and were consistent with the treatment-
induced variations in LAI shown in Figure 2.

3.1.4 Tuber yield

As shown in Table 4, tuber yields ranged from 51 to 61 tha™".
Among all treatments, the tuber yield under M2+ was the highest,
reaching approximately 61 kg ha™". It exceeded the yield under M1+
by approximately 6%. This increase in tuber yield is closely related to
the elevated mycorrhizal colonization rate (Figure 1), the further
expansion of the photosynthetic area (Figure 2) and enhanced plant
growth (Figure 3). M1+ did not result in a significantly higher yield
than did M— (p > 0.05). The yield under CK was the lowest.

3.1.5 Phosphorus accumulation and phosphorus
use efficiency

Table 4 also shows that plant P accumulation under M2+ reached
approximately 51 kg ha™" at preharvest, which was 10% greater than
that under M1+ (p < 0.05). However, no significant difference was
detected between M1+ and M— in terms of P accumulation (p > 0.05).
As the mycorrhizal colonization rate is a crucial parameter for
assessing the effectiveness of AMF inoculation, it indicates the degree
to which the AMF hyphae expand the P absorption of plant roots.
Thus, the enhanced plant P accumulation under M2+ can

25 -
[ ek .
I M- b
M+
207 M2+ bb"T‘ ¢
~ 2
'S
= 154 E
=
1]
E
10 a
[ bb
A C

Tuber
formation

Tuber
bulking

Starch Preharvest

accumulation

Seedling

Growth stage

FIGURE 3

Dry weight of potatoes at different growth stages in Exp. 1. Different
small letters denote significant differences among treatments at the
same growth stage (p < 0.05).
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be speculated obviously to associate with the significantly increased
mycorrhizal colonization rate, as shown in Figure 1. The P
accumulation patterns in plants reflected the underlying mechanisms
driving treatment-induced differences in DW and tuber yield
formation (Figure 3, Table 4). The P fertilizer recovery rate under M2+
was much greater than that under any of the other treatments
(p < 0.05), reaching approximately 31%. However, the P fertilizer
recovery rate under M1+ was not significantly greater than that under
M- (p > 0.05). The partial factor productivity of P fertilizer (PFP)
exhibited a similar trend: the PFP under M2+ was 20 kg kg™ greater
than that under M1+, and the PFP under CK was the lowest.

3.2 Potato growth, tuber yield and P use
efficiency under conditions of AMF
inoculation and reduced P fertilizer
application (Experiment 2)

3.2.1 Tuber yield and phosphorus use efficiency

In Experiment 2, compared with the conventional P
recommendation treatment (CK, 160 kg P,O5 ha™), reducing the P
fertilizer application rate by 25% (P1, 120 kg P,Os ha™') significantly
decreased the tuber yield (p < 0.05). On average over 2 years, it was
approximately 2 t ha™' lower than that of the CK. Under P1-M+, i.e.,
inoculation with AMF with the application of 120 kg P,Os ha™', the
tuber yield was not only greater than that under P1 but also greater
than that under CK (p < 0.05), and consistent results were obtained in
both experimental years (Table 5).

Table 5 also shows that, compared with the CK treatment, P1
reduced plant P accumulation by 7-11% in 2 years, whereas P1-M+
significantly increased plant P accumulation (p < 0.05), which was 13
and 19% greater than that of P1 in 2021 and 2022, respectively. In the
P1-M+ treatment, the PFP ranged from 400 to 500 kg kg™', which was,
on average, 8% greater than that in P1 and 38% greater than that in
CK (p < 0.05).

3.2.2 Colonization rate of arbuscular mycorrhizae
in potato

Table 6 shows that the colonization rate of arbuscular mycorrhizae
in potato plants under P1-M+ was significantly greater than that
under CK or P1 (p < 0.05). At the tuber formation stage, it was on
average 10 or 13 percentage points higher than that of P1 or CK,
respectively. At the tuber bulking stage, the colonization rates of
arbuscular mycorrhizae in potatoes in all the treatments increased
significantly (p < 0.05), and those in P1-M+ increased more; on
average, the rates were 14 and 17 percentage points higher than those
in P1 and CK, respectively. Compared with CK, P1 resulted in higher
rates of arbuscular mycorrhizal colonization in potato plants
(p < 0.05). The results were consistent over 2 years.

Figure 4 presents the spatial distribution of mycorrhizal hyphae
in different soil layers at the tuber bulking stage, which is presented
as the hyphal length density (HLD, cm g™'). In the 0-20 cm soil
layer, the HLD under P1-M+ was 26-36% greater than that under
P1 (p <0.05). The HLD in the 20-40 cm soil layer decreased
compared with that in the 0-20 cm soil layer for all the treatments,
while the HLD under P1-M+ was still greater than those under P1
and CK in this layer (p < 0.05). The HLD under CK was the lowest
in each soil layer. Similar results were observed in the 2 years. The
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TABLE 4 Tuber yield, P accumulation and phosphorus use efficiency under different treatments in Exp. 1.

P accumulation
(kg ha™)

Treatment

Tuber yield

(tha™)

Partial factor productivity of
P fertilizer (kg kg™

Phosphorus recovery
efficiency (%)

CK 51.3+£0.82¢ 29.82+0.76 ¢ 320.73£5.13 ¢ -

M- 57.7+1.05b 4576 + 1.51b 369.76 £10.69 b 22.81b
MI+ 581+ 1.33b 46.81+1.26b 363.14 £8.31 b 24.32b
M2+ 61.3+1.46a 5139+ 1.84a 383.44+9.13a 30.87 a

Different letters denote significant differences among treatments (p < 0.05).

TABLE 5 Tuber yield, P uptake and partial factor productivity of P fertilizer (PFP) in Exp. 2.

Year Treatment Tuber yield (t ha™) Plant P accumulation (kg ha™) PFP (kg kg™)

2021 CK 57.7 + 1.05a 4635+ 137a 360.63 + 6.56¢
P1 55.8 +0.83b 43.24+1.29b 465.00 + 6.92b
P1-M+ 60.0 + 1.46a 48.65+ 1.51a 500.00 + 12.17a

2022 CK 463 +0.96a 33.04+0.98a 289.38 + 6.06¢
P1 443 +0.74b 29.56 + 1.20b 369.17 % 6.17b
P1-M+ 483+ 1.24a 35.26 + 1252 402.50 +10.33a

TABLE 6 Colonization rates of arbuscular mycorrhizae in potatoes (%) at
different growth stages in Exp. 2.
Treatment

Year Growth stage

Tuber formation Tuber expansion

stage stage
2021 | CK 17.42 +0.89¢ 21.63 + 1.03¢
P1 19.73 + 1.12b 24.85 + 1.48b
P1-M+ 30.91 +2.50 38.70 + 2.74a
2022 | CK 16.78 + 0.74c 20.92 + 1.24¢
P1 19.84 + 1.30b 23.96 + 1.47b
P1-M+ 2925 +2.33a 37.24+3.05a

Within the column for each year, the means followed by the same letters are not significantly
different among treatments at the same growth stage (p < 0.05). The data between different
years are not comparable.

variations in the colonization rate of arbuscular mycorrhizae
(Table 6) and the hyphal length density across different treatments
(Figure 4) were consistent with the plant P accumulation (Table 5).

3.2.3 Leaf area index and plant dry weight

At the seedling stage, no difference was detected among the
treatments in terms of the leaf area index (LAI) (p > 0.05), whereas
from the tuber formation stage to the starch accumulation stage,
the LAI under P1-M+ or CK was greater than that under P1
(p < 0.05), and no significant difference was detected between CK
and P1-M+ (p > 0.05). The second-year results showed similar
trends (Table 7).

At the seedling stage, the plant dry weight (DW) under the
different treatments did not significantly differ (p > 0.05), but from
the tuber formation stage to preharvest, the DW under P1-M+ or CK
was greater than that under P1 (p < 0.05). From the tuber bulking
stage, the DW under P1-M+ was significantly greater than that under
CK (p < 0.05), being, on average, 3% greater than that under CK
(Figure 5).
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3.2.4 Correlation between potato performance
indicators and the mycorrhizal parameters

Figure 6 shows that colonization rate of arbuscular mycorrhizae,
hyphal length density, plant P accumulation, plant dry weight and
tuber yield were all positively correlated with each other (p < 0.05).
The plant LAT showed significant correlation with both plant dry
weight and tuber yield, while no significant correlation between plant
LAI and mycorrhizal parameters was observed (p > 0.05). The partial
productivity of P fertilizer showed significantly positive correlations
(p < 0.05) with both colonization rate of arbuscular mycorrhizae and
hyphal length density, but no significant relationship was observed
with other indicators (p > 0.05).

4 Discussion

Despite the well-documented potential of AMF to enhance P uptake
and improve crop yields (Cely et al., 2016; Duan et al,, 2025) and its long-
standing commercial availability as inoculants, their field application in
potato production systems, such as those in Inner Mongolia, remains
unexplored. This implementation gap primarily results from two region-
specific agricultural practices: the extensive use of fungicides in seed
tuber treatment and early-stages ridging operation. Both of which are
believed to impede the establishment of high AMF population densities.
The results of this research (Figures 1, 3; Table 4) substantiate the
previous assumption. They demonstrate that conventional sowing-time
AMEF inoculation fails to establish an efficient AMF hyphal network
during the crucial growth stages of potatoes (Figure 1). Therefore, in
potato production systems in Inner Mongolia and similar regions,
applying AMF during sowing may not be an appropriate strategy.

Contrary to the ineffectiveness of sowing-time inoculation, our
study clearly demonstrates that AMF inoculation at the seedling stage,
following ridging operations, increased tuber yield by approximately
6% (Table 4). These yield improvements are strongly correlated with
increased mycorrhizal colonization rates (Figures 1, 4, 6). AMF
hyphae can penetrate soil pores that are otherwise inaccessible to plant
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TABLE 7 Leaf area indices of potatoes under different treatments in Exp. 2.

Treatment Growth stage
Seedling Tuber formation Tuber bulking Starch accumulation

2021 CK 0.58 +0.03 2.84+0.10 4.97 +0.08 6.85 + 0.09

P1 0.56  0.03 2.67 £0.09 478 £0.10 6.62%0.13

P1-M+ 0.55 % 0.02 2.83+0.07 5.06 + 0.15 6.89 +0.19
2022 CK 0.59 +0.03 245 +0.07 4.68+0.10 6.44 +0.09

P1 0.57 +0.02 231+ 0.09 449 +0.08 6.26 + 0.08

P1-M+ 0.54+0.03 251+0.11 473 +0.14 6.59 +0.15

roots, thereby enhancing P absorption. The mycorrhizal colonization
rate reflects the degree to which AMF hyphae expand the P absorption
of plant roots (Smith and Smith, 2011), making it a critical parameter
for assessing AMF inoculation efficacy (Adeyemi et al., 2019; Ul Haq
et al, 2022). Given that P in soil is relatively immobile (Hinsinger,
20015 Richardson et al, 2009), the ~13% higher mycorrhizal
colonization rates for seedling-stage inoculation to sowing-time
inoculation (Figure 1; Table 6) suggests that seedling-stage inoculation
can significantly expand the exploring area for soil P. This is strongly
evidenced by the ~10% higher plant P accumulation and ~7% greater
P fertilizer recovery rate under seedling-stage inoculation than
sowing-time inoculation (Tables 4, 5). The enhanced P acquisition
further promotes plant growth, manifested as higher plant LA and
plant DW at the critical growth stages of potato (Figures 2, 3, 5;
Table 7). These improvements in LAI and plant growth at the critical
growth stages of potato provide a solid foundation for the increased
tuber yield (as shown Tables 4, 5). Therefore, in potato production
systems such as those in Inner Mongolia, inoculating potatoes with
AMEF agents after ridging at the seedling stage is a viable option.

The optimal inoculation timing identified in this study significantly
differ from conventional practices used elsewhere, such as spraying spore
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suspension on seed tubers or direct placement of inoculum beneath seed
tubers at sowing (Douds et al., 2007; Hijri, 2016; Susiana et al,, 2019). They
highlight the need for region-specific inoculation strategies within specific
agroecosystems. This finding is of particular significance for potato
production systems in Inner Mongolia and similar regions.

Our study further demonstrates the potential for reducing P
fertilizer application rates in potato production when combined with
optimized AMF inoculation. The results regarding yield and PFP
under condition of reducing P application by 25% with seedling-stage
AMEF inoculation (Table 5) complement recent reports in other crops
(Mai et al,, 2019; Das et al., 2022; de Souza Buzo et al., 2022).
Moreover, this study provides the first comprehensive evidence for
reducing P fertilizer application rate in potato production system in
Inner Mongolia’s specific agricultural context.

The effectiveness of AMF is highly dependent on soil temperature,
with optimal colonization typically occurring in moderately warm soils
(15-25°C) (Smith and Smith, 2011). Soil temperatures consistently
below 10°C will significantly delayed spore germination and hyphae
expansion, leading to a reduction in the mycorrhizal colonization rate.
In the potato production region of Inner Mongolia, soil temperature at
the 0-10 cm layer is typically below 10°C before early May. Therefore,
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inoculation at sowing time may encounter challenges due to relatively ~ higher at the tuber bulking stage than the tuber formation stage
low soil temperatures. This study demonstrates that the mycorrhizal ~ (Figure 1; Table 6), confirming the impact of temperature on the
colonization rates increased with potato growth, and were significantly  effectiveness of AMFE. More importantly, it implies that inoculation
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should be carried out as soon as possible after ridging to make full use
of heat resources, thereby ensuring a sufficient AMF infection rate and
providing sufficient time for the hyphae to function.

In addition to environmental conditions and management,
factors identified as significant for a favorable outcome of AMF
inoculation include potato genotype (Vosatka and Gryndler, 2000),
and the AMF strain (Davies et al., 2005). The current research
focused on a single potato cultivar and AMF strain, suggesting the
need for future studies examining different potato genotypes and
AMEF strain combinations. Additionally, the potential carryover
effects of AMF inoculation in Inner Mongolia’s typical potato-
wheat-wheat rotation system remain unexplored, representing an
important area for future research.

5 Conclusion

This study demonstrates that seedling-stage AMF inoculation,
achieved through soil injection, significantly improves mycorrhizal
colonization rate (by ~13 percentage points), P uptake (~10% greater),
and potato yields (6-8% increase) compared to conventional sowing-
time application. Importantly, combining this optimized AMF
inoculation with a 25% reduction in P fertilizer application maintains
tuber yields while increasing PFP by 39% relative to conventional
practices. These results reveal that seedling-stage AMF inoculation
can mitigate the negative effects of fungicides in seed tuber treatment
and ridging-caused soil disturbance on AMF colonization,
highlighting the importance of inoculation time for high AMF
population density. The developed AMF inoculation offers significant
potential for P fertilizer reduction in potato production, which is
crucial for improving P fertilizer use efficiency in sustainable potato
production in regions like Inner Mongolia. Thus, it is of both
agronomic and environmental significance.
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