J.Mycopathol.Res. 62(1) :55-65, 2024, ISSN : 0971-3719 (Print), 2583-6315 (Online)

© Indian Mycological Society, Department of Botany,
University of Calcutta, Kolkata 700 019, India

doi.10.57023/JMycR.62.2.2024.55

A Morpho-biochemical and functional comparison of Arbuscular
Mycorrhizal Fungal spores cultured in two distinct conditions

MAUNATA GHORUI*?, SHOUVIK CHOWDHURY*?, PRAKASH BALU?, SUMIT SUMAN?, KESHAB DAS?,

AND KIRAN SUNAR?*

1Symbiotic Sciences Pvt Ltd., Plot no. 575, Udyog Vihar Industrial Area Phase VI, Sector 37,

Gurugram, Haryana — 122004.

2Department of Biotechnology, School of Life Sciences, Vels Institute of Science, Technology and
Advanced Studies (VISTAS), Pallavaram, Chennai - 600 117.
% Department of Botany, Balurghat Mahila Mahavidyalaya, Balurghat, Dakshin Dinajpur,

West Bengal — 733101.

Received : 24.11.2023

Accepted : 25.01.2024

Published : 25.03.2024

The present investigation was conducted to compare between Arbuscular Mycorrhizal Fungal spores
generated in vitro through Root Organ Culture and those obtained in vivo through conventional pot culture
method. Our study conducts a comprehensive analysis of four AMF species viz., Rhizophagus irregularis,
Rhizophagus clarus, Entrophospora etunicata, and Funneliformis mosseae cultured both in in vitro and in
vivo conditions regarding their morphology, Fatty Acid Methyl Ester (FAME) profiles and infectivity potential.
Morphological analysis showed that in vitro-produced spores tend to be smaller in size with smooth surface
in comparison to their in vivo counterparts. The observed spore surface irregularities can be attributed to the
sloughing off of the outer layer, the adhesion of Rhizobia, Pseudomonads, and the adherence of soil particles
due to the release of Glomalin. FAME profiles showed the presence of marker fatty acids indicative of
Glomalean nature in all AMF species. Notably, variations in the fatty acid profiles, especially the presence of
Neutral Lipid Fatty Acid (NFLA) C16:u5c, differentiate in vitro and in vivo spores, indicating the influence of
growth conditions on the biochemical composition of these AMF species. It is also crucial to identify the
disparities in colonization percentages between in vivo and in vitro spores when extrapolating research
findings from AMF grown in controlled conditions (in vitro) to those cultured in association with plants (in
vivo). In vivo cultivated spores of R. irregularis, R. clarus, and F. mosseae exhibited higher infectivity
potential while E. etunicata showed higher infectivity potential among all the in vitro cultivated AMF species.
These findings suggest interesting opportunities for further exploration for optimizing their use as bioinoculants.
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INTRODUCTION

Arbuscular Mycorrhizal Fungi (AMF) form
symbiotic relationships with approximately 72%
of vascular plants, playing crucial roles in both
natural and agricultural ecosystems (Brundrett
and Tedersoo, 2018).

This symbiosis is increasingly important given
global challenges such as a growing population,
limited arable land, and excessive chemical
fertilizer use (Huang et al. 2020; Smith and Read,
2008). Among numerous cultivation techniques,
the primary approaches for cultivating these
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microorganisms include in vivo cultivation using
pot cultures and in vitro cultivation through Root
organ cultures. In vitro cultivation offers controlled
conditions but lacks ecological relevance,
reducing host diversity and potentially impacting
experimental results (Calvet et al. 2013).
Morphological plasticity, where AMF spores exhibit
variability in response to environmental factors,
further complicates species identification (Walker
et al. 2021). Studies suggest that the choice of
AMF production system influences plant growth
and experimental outcomes (Calvet et al. 2013).
In vitro cultivation in stable conditions optimizes
sporulation but neglects the fluctuating abiotic
factors in natural environments (Heinemeyer and
Fitter, 2004; Meyer et al. 2017). Additionally, in vitro
lacks biotic interactions, essential for AMF’s
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stress resistance and metabolic activity
(Engelmoer et al. 2014; Gallone et al. 2016). In
vitro cultivation often focuses on a single host,
while natural environments involve multiple hosts,
influencing AMF gene expression, and symbiotic
relationships (Mateus et al. 2019; Angelard et al.
2010). In vivo-cultivated propagules benefit host
plants more than in vitro generated propagules,
leading to increased colonization and plant growth
(Calvet et al. 2013). Repeated in vitro cultivation
reduces symbiotic quality, impacting root
morphology and phosphorus (P) benefits for
plants (Kokkoris and Hart, 2019). Genetic
variability among AMF isolates can contribute to
functional differences (Pena et al. 2020; Kokkoris
etal. 2019; Chen et al. 2018; Mathieu et al. 2018;
Silvani et al. 2014; Sanders, 2010).

The presence and concentration of the Neutral
Lipid Fatty Acid (NLFA) 16:1®5c in AMF serve as
an important indicator of the viable biomass of
these fungiin both root systems and soil (Lekberg
et al. 2022). The NFLA 16:105c has been
identified as a biomarker for energy storage lipids
in AMF (Olsson, 1999). The utilization of Fatty Acid
Methyl Ester analysis presents a viable and
promising alternative method for the examination
of lipids and their constituent fatty acids (Olsson
etal., 2003). This study illuminates the complexity
of AMF and uncovers their diverse responses to
culture conditions, offering insights for optimizing
bioinoculants.

MATERIAL AND METHODS
Source of AMF

The AMF species investigated in the study
included Rhizophagus irregularis, Rhizophagus
clarus, Entrophospora etunicata, and
Funneliformis mosseae. The AMF spores were
obtained from Symbiotic Sciences Pvt Ltd. In vivo
spores cultivated in a substrate comprising soil,
sand, perlite and vermiculite (1:1:1:1 v/v) with Zea
mays as the host, were isolated from a 90-day-
old culture using the wet sieving and decanting
method (Gerdemann and Nicolson, 1963). This
involved hydrating 100 g of rhizosphere soil in
1000 mL or more distilled water with intermittent
stirring. The resulting inoculum was poured onto
a nested sieve set with specific mesh sizes
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(60BSS, 100BSS, and 300BSS), each retaining
particular components. In vitro spores sourced
from a conventional Root Organ Culture (co-
cultures) with Daucus carota as the host, were
isolated from a 90-day-old culture using the
chelation solubilization technique (Doner and
Bécard, 1991). Both in vivo and in vitro spores
were collected using a micropipette under a
stereomicroscope.

Morphological characterization

Optical Microscopy: The spores were observed
in a water medium, placed on a glass Petri dish,
and examined using an stereomicroscope for
taxonomic classification. Extraradical spores
ranging from 50-100 were mounted onto slides
using PVLG solution (Koske and Tessier, 1983).
Additionally, a mixture of PVLG and Melzer’s
reagentin a 1.1 volume/volume ratio (Brundett et
al. 1994) was employed for slide preparation.
Spore morphology was examined using a
compound microscope in accordance with the
International Culture Collection of (Vesicular)
Arbuscular Mycorrhizal Fungi (INVAM). The spore
sizes were determined utilizing software. The
definitions of spore morphological and
biochemical characteristics, as outlined by Walker
(1983, 1986), Morton (1986, 2001), and Spain et
al. (2006), provide insights into the intricate
structures of AMF spores. Murograms visually
represent spore wall layer arrangements, offering
insights into AMF structural characteristics
(Walker, 1983). The morphological analysis
enhances our understanding of spore
development under different conditions.

Scanning Electron Microscopy (SEM): Around 50
extraradical spores were fixed primarily
immersing the samples in a 2.5% glutaraldehyde
solution at room temperature (25°C) for 2 hours.
Subsequently, a set of five phosphate buffer
washes at pH 7.2 (50 mM) were conducted at
room temperature, with each wash lasting 10
minutes. Forthe secondary fixation, a 1% osmium
tetraoxide solution was applied at 4°C for 1 hour,
followed by an additional six phosphate buffer
washes under the same conditions. To facilitate
the subsequent steps, a dehydration process was
undertaken using chilled 10% ethanol at room
temperature for 10 minutes. The spores were
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meticulously positioned onto aluminum stubs
using carbon double-stick tape, coated with gold
and then subjected to imaging using a SEM that
operated within the range of 3 to 10 kV (Roesti et
al. 2005).

Biochemical characterization

In a sealed glass tube, 100 extraradical spores
were saponified with 3.75M NaOH in 50% MeOH,
then heated for 30 minutes, cooled, and mixed
with 3.25M HCI in 45% MeOH, followed by 10
minutes at 80°C. After cooling, Hexane: MTBE
solution was added, and the upper layer was
collected. A base wash with 0.024M NaOH was
performed, and the organic layer was prepared
for GC analysis. GC-MS with specific settings
were used to identify FAMEs by comparing
retention times through the software Mass
spectrometry detector to a standard
chromatogram as suggested by Olsson
and Johansen (2000).

Assessment of AM root colonization

The experimental set-up consisted of 8 treatments
in replicates of 3. The treatments were: in vitro
Rhizophagus irregularis (T1), in vitro Rhizophagus
clarus (T2), in vitro Entrophospora etunicata (T3),
and in vitro Funneliformis mosseae (T4), in vivo
R. irregularis (T5), in vivo R. clarus (T6), in vivo
E. etunicata (T7), and in vivo F. mosseae (T8).
AMF spores were uniformly introduced at a rate
of 200 spores per plant using a micropipette. The
experiment was conducted in a growth substrate
comprising autoclaved sand, soil, vermiculite and
perlite in equal proportions (v/v), with Sorghum
bicolor as the test crop in replicates of three using
250-g pots. Sorghum seeds underwent
sterilization through ethanol rinsing and treatment
with a 4% sodium hypochlorite solution for 1
minute, followed by thorough water rinsing and
overnight incubation in darkness for germination.
Each pot was planted with three healthy
seedlings. Throughout the 8-week growth period,
substrate moisture was maintained at 90% field
capacity, and half-strength Hoagland solution
(Hoagland, 1933) was applied fortnightly.
Greenhouse conditions comprised a temperature
range of 25°C (77°F), 50% relative humidity, and
controlled light conditions (200-400 pmol/m2/s) to
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support photosynthesis under a 16-8-hour
photoperiod. The plants were harvested after 2
months. To assess root colonization by
mycorrhizal fungi, the roots were stained using
the Phillips and Hayman (1970) method, and the
extent of colonization was evaluated employing
the McGonigle et al. (1990).

Statistical Analysis

Statistical analyses were conducted using R
version 4.3.0 (2023-04-21 ucrt) (Copyright ©
2023). After conducting a one-way analysis of
variance (ANOVA) at a 95% confidence level
(alpha =0.05), a subsequent Tukey HSD test was
performed to identify significant differences
among the different treatments.

RESULTS
Morphological characterization

A comparison of the spore morphology of
Rhizophagus irregularis, Rhizophagus clarus,
Entrophospora etunicata, and Funneliformis
mosseae produced under different conditions
was carried out. It was observed-that spores
developed under in-vitro conditions appear
smaller than those produced under in vivo. A
detailed comparative analysis of the spore
morphology is presented in Table 1. Fig. 1
presents the spore size distribution of the above-
mentioned AMF species grown in different
conditions. Across all species, in vivo spores
consistently exhibited larger diameters and
broader ranges than their in vitro counterparts.
In vivo spores of R. irregularis exhibited a mean
diameter of 161.28, significantly larger than the
in vitro mean of 92.38u. Similarly, R. clarus in vivo
spores had a mean diameter of 158.58u
compared to the in vitro mean of 141.25y. In the
case of E. etunicata, the in vivo mean diameter
was 177.63, notably larger than the in vitro mean
of 107.43p. F. mosseae showed a larger mean
diameter for in vivo spores (201.87 p) compared
to in vitro spores (185.56u). The optical
microscopic images based on morphological
characterization showed no difference between
in vitro and in vivo spores with respect to Melzer’s
reaction (Fig. 2). Further analysis of morphological
structures through SEM micrographs revealed
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Table 1 : Morphological analysis of intact spores of different Arbuscular Mycorrhizal Fungi grown in in vitro and in vivo
Parameters R. irregularis R. clarus E. etunicata F. mosseae

Colour of the
spore in water~

Colour of the
spore in mountant
(PVLG)

Colour of the

spore in mountant
(PVLG: Melzer's)

Shape of the
spore

Occurrence

Diameter of in vitro
spores (um)**

Diameter of in vivo
spores (um)**

Hyphal wall

Occlusion

Hyphal attachment

Spores formed
within root

Sporocarp present

Hyaline (juvenile spores
0-0-10-0)* yellow, brown
(mature spores 0-10-40-
0)

Hyaline, Yellow, Brown

Permanent laminate
layer (L3) stains dark-
red brown colour

Globose, sub globose,
ovoid, oblong, irregular
appearing knobby

Either borne solitary or
in aggregates in variable
numbers

34.21 £ 0.40 to 158.50 +
1.79

91.43 +1.12 10 227.21 *
3.28

Layers 1-3 in both
young and most mature
spores

Occluded by a curved
septum, continuous with
the innermost lamina of
spore wall layer

Straight, recurvate,
flared

Yes

No, spores in loose
clusters

Hyaline juvenile spores 0-
10-60-0), white, pale-
yellow brown (mature
spores 0-10-20-0)

Hyaline, White, Pale
yellow, brown

Hyaline mucilaginous layer

(L1) stains pink

Either borne solitary or in
aggregates in variable
numbers

Either borne solitary or in
aggregates in variable
numbers

19.56 + 0.29 t0 227.71
2.16

29.32 +0.53 10 228.35 =
4.29

Layers 1-3

No occlusion

Cylindrical to flared

Yesu

No, spores in loose
clusters

Hyaline (juvenile spores 0-

10-90-5), white, yellow,

brown (mature spores 0-60-

100-0)

Hyaline, White, Yellow,
Brown

Hyaline mucilaginous layer

(L1) stains pink

Either borne solitary or in
aggregates in variable
numbers

Either borne solitary or in
aggregates in variable
numbers

57.16 +£0.53 t0 160.70 +
1.83

92.83 +1.62 t0 218.53 +
4.16

Layers 1-2

Innermost laminae act as
septum to the pore

Cylindrical

Yes

No, spores in loose clusters

Yellow (juvenile spores 0-
40-100-10) to brown
(mature spores 0-10-60-0)

Yellow, B rown

Hyaline mucilaginous layer
(L1) stains reddish pink

Globose (mainly), sub
globose

Either borne solitary or in
aggregates

25.65 +0.16 t0 288.36 +
2.86

66.28 +1.12 t0 372.87 +
4.16

Layers 1-3

Recurved septum present

Flared to funnel shaped

Yes

No, spores in loose
clusters

*Colour code of AMF spores as recommended by International Culture Collection of Arbuscular and Vesicular-Arbuscular Mycorrhizal

Fungi (INVAM).

**Average range of diameter of spores (min to max), +=SE

more differences between in vitro and in vivo
spores, with the former exhibiting a smoother
surface and the latter a rougher texture (Fig. 3 a-
h) Examination of spore wall layers reveals unique
spore wall compositions, and corresponding
murograms. Both R. irregularis and R. clarus had
two wall layer groups with R. irregularis having
two layers of temporary hyaline succeeded by one
layer of permanent laminate while R. clarus had

outer wall group comprising of one temporary
mucilagenous hyaline layer and permanent
hyaline layer followed by one layer of permanent
laminate. In contrast, E. etunicata displayed a
simpler composition with one layer of each. In
comparison, F. mosseae exhibited a distinct
arrangement with one layer of temporary hyaline,
an additional layer of temporary hyaline, and one
layer of permanent laminate. Our findings were
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Table 2: Neutral Lipid Fatty Acid content of different species of Arbuscular Mycorrhizal Fungi grown in in vitro and in vivo conditions
detected by Fatty Acid Methyl Ester analysis, expressed in terms of percentage

Type of fatty acid R. irregularis R. clarus E. etunicata ~ F. mosseae
In vitro condition
C12:0 0.44 0.77 0.83 0.29
C14:0 32.06
C16:w5c 68.59 25.42 24.85 29.99
C16:1w9
C17:1w10 20.83
C18:1w9 18.99 42.23 12.98
C18:2w9,12 31
C18:3w9,12,15 12.53
C20:0 52.74
C20:1w11 6.37
c21:.0 3.69 21.83 2.60
C22:0 1.89 54.14
C22:1w13 0.03 7.15
In vivo condition
C12:0 0.99 0.97 0.64
C14:0
C16:w5c 60.27 58.64 29.81 51.14
C16:1w9 21.04 2.64
C17:1w10 15.03
C18:1w9 22.17 37.29 24.72
C18:2w9,12 12.80 3.19
C18:3w9,12,15 10.63
C20:0 7.32
C20:1w11 9.46 1.67
c21:.0 5.04 18.21 8.70
C22:0 2.04 0.92 8.97
C22:1w13 0.02
consistent with other research, emphasizing
differences in the spore sizes, particularly when
cultivated under diverse conditions and diverse
[ i 3 1 T spore WaII_ structurg among these AMF specie_s.
: The hyaline mucilaginous layer, present in
?% | ?5* juvenile-stage spores of R. clarus, E. et_unicata
o gt and F. mosseae cultured across different
1 . conditions in all AMFs exhibited a smooth or
' slightly roughened texture and stained in Melzer’s
Wi s B ritarts W e cliine. W i & Sbitocts: W0 Sl P maseane reagent, when present, while it is the permanent
D invivo B imegudaris B Invivo R clares W Invivo 5. etunieata B I viva F. mosseae laminate layer of R. irregularis that stained in

Fig. 1. Spore size distribution of Arbuscular Mycorrhizal Fungi
grown in different conditions. Across all species, in vivo spores
consistently exhibited larger diameters and broader ranges than
their in vitro counterparts. In vivo spores of R. irregularis exhibited
a mean diameter of 161.28y, significantly larger than the in vitro
mean of 92.38u. Similarly, R. clarus in vivo spores had a mean
diameter of 158.58u compared to the in vitro mean of 141.25p.

Melzer’s reagent. The outer layer deteriorated
rapidly, sloughing off even in young spores, and
was consequently rarely present in the spore wall
structure of mature spores. The laminate layer,
characterized by a conglomerate of extremely thin
sublayers, each typically less than 0.5 um thick,
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appeared as separate groups or innermost
sublayers when spores were vigorously crushed
(Fig. 3i-I)

Biochemical characterization

Table 2 and Fig. 4 presents the concentrations of
NFLA for R. irregularis, R. clarus, E. etunicata,
and F. mosseae, cultivated both in vitro and in
vivo. Fig. 5 highlights the differences in the
retention times of marker fatty acids, both between
the species an d among the same species, and
the variations in concentrations of these marker
fatty acids.

The FAME analysis of R. irregularis, in vivo
conditions, showed significant differences in fatty
acid percentages compared to those of in vitro
conditions. C12:0 (lauric acid) is notably higher
at 0.99% in vivo versus 0.44% in vitro. Other fatty
acids, including C18:1»9 (oleic acid) at 22.17%
(in vivo) vs. 18.99% (in vitro), eicosenoic acid
(C20:1w11) at 9.46% (in vivo) vs. 6.37% (in vitro),
and C21:0 at 5.04% (in vivo) vs. 3.69% (in vitro).
In contrast, C16:1w5c (palmitoleic acid) was
higher in vitro at 68.59% compared to 60.27% in
vivo. Both conditions exhibited low levels of
C22:1»13 (cis-13-Docosanoic acid), with minor
differences (0.03% in vitro and 0.02% in vivo).

The FAME analysis of R. clarus, differences in
fatty acid compaosition between in vitro and in vivo
conditions weere evident. In particular, in vivo
conditions resulted in a substantial increase in
the concentration of C14:0 (myristic acid) at
58.64%, compared to 32.06% in vitro.
Conversely, in vitro conditions exhibited a higher
percentage of C20:0 (arachidic acid) at 52.74%,
whereas in vivo conditions showed a lower
percentage at 7.32%. Other fatty acids, such as
Cl6:1w5c (palmitoleic acid), C17:1»10
(heptadecenoic acid), and C18:3w 9,12,15c
(linolenic acid), displayed lower percentages in
vivo compared to in vitro conditions. C20:1w11
(eicosenoic acid) was found only in in vitro
conditions at 1.67%.

The FAME analysis of E. etunicata, showed
variations in fatty acid composition between in
vitro and in vivo conditions. Specifically, in vivo
conditions resulted in a slightly higher percentage
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of C12:0 (lauric acid) at 0.97%, compared to
0.83% in vitro. Regarding C16:1w5c (palmitoleic
acid), in vivo conditions yielded a higher
percentage at 29.81%, while in vitro conditions
had 24.85%. Similarly, C18:1w»9 (oleic acid) was
slightly lower in vivo at 37.29%, compared to
42.23% in vitro. The most significant difference
was observed in C18:2w9,12 (linoleic acid), which
was substantially higher in vivo at 12.80%
compared to 3.11% in vitro. C21:0
(heneicosanoic acid) was also slightly lower in
vivo at 18.21% compared to 21.83% in vitro.
Lastly, C22:0 (behenic acid) exhibited a drastic
decrease in vivo at 0.92% compared to 7.15% in
vitro.

The FAME analysis of F. mosseae showed
evident differences in fatty acid composition
between in vitro and in vivo conditions. Under in
vivo conditions, there was a notable increase in
the percentage of C12:0 (lauric acid) at 0.64%,
compared to 0.29% in vitro. Likewise, C16:1w5c
(palmitoleic acid) displayed a substantial increase
in vivo at 51.14%, whereas in vitro conditions had
29.99%. C16:109 was present only in in vivo
conditions at 2.64%. C18:1»9 (oleic acid) also
showed a significant increase in vivo at 24.72%
compared to 12.98% in vitro. However,
C18:2w9,12 (linoleic acid) was detected only in
vitro at 3.19%. C21.:0 (heneicosanoic acid) and
C22:0 (docosanoic acid) exhibited higher
percentages in vivo at 8.70% and 8.97%,
respectively, compared to lower values in vitro.

Infectivity Assay

Fig. 6 showed a statistical difference in the
infectivity potential of different AMF spores cultured
in distinct conditions at 95% confidence level
(Treatments T1 to T8). Fig. 7 showed the root
colonization. In the in vitro conditions, it can be
observed that R. irregularis had an infectivity
potential of 72.10%, which was lower than that
observed in the in vivo conditions, where it
increased to 82.33%. Similarly, for R. clarus, the
in vivo infectivity potential was notably higher at
51.00% compared to the in vitro value of 48.00%.
E. etunicata’s infectivity potential was higher in
the in vitro conditions (77.72%) compared to the
in vivo conditions (78.67%). F. mosseae exhibited
an infectivity potential of 66.55% in vitro and
75.33% in vivo.
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Rhizophagus clarus

Rhizophagus irregularis

Rhizophagus clarus
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Fig. 2: Microscopic analysis of in vitro (a-h) and in vivo (i-p) spores of Arbuscular Mycorrhizal Fungi. After treating the spores with
Melzer’s reagent and PVLG. The hyaline mucilaginous layer, present in juvenile-stage spores of R. clarus, E. etunicata and F.
mosseae cultured across different conditions in all AMFs exhibited a smooth or slightly roughened texture and stained in Melzer’s
reagent, when present, while it is the permanent laminate layer of R. irregularis that stained in Melzer’'s reagent.

DISCUSSION

The observation of this study regarding the smaller
spore size of in vitro differentiated spores than in
Vivo spores align with previous research findings
where the spores produced in a laboratory setting
tend to be slightly smaller when compared to
spores found in natural soil environments
(Danesh et al. 2016; Calvet et al. 2013). This
could be due to the specific adaptations of fungus
to the growth medium utilized and the depletion
of nutrients or carbon within the in vitro ROC
(Calvet et al. 2013). Optical microscopy and SEM

have both shown that the spore surfaces
cultivated in vivo exhibit roughness. This
roughness can be likely due to the adherence of
soil particles due to the release of glomalin (Li et
al., 2022) or sloughing off of outer wall layer or
adherence of numerous rhizobia and
pseudomonads on the surfaces of spores and
hyphae (Roesti et al. 2005; Agnolucci et al. 2015).

The confirmation of the Glomalean nature of these
microorganisms is established by the consistent
presence of marker fatty acids, specifically, neutral
lipid fatty acid (NLFA) C16:w5c, found across the
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E mosseae (in vitro)

R. clarus (in vitro)

F. etunicata (in vitro)

N 6 PR
E mosseae
Temporary hyaline |

Permanent hyaline layer (L-2)
Permanent laminate layer (L-3)

E. etunicata
Temporary hyaline layer (I.-1)
Permanent laminate layer (L-2)

R. irregularis R clarus

Temporary hyaline layer (L-1)  Temporary hyaline layer (I-1)
Temporary hyaline layer (L-2)  Permanent hyaline layer (L-2)
Permanent laminate layer (I-3)  Permanent laminate layer (L-3)

Fig. 3. Scanning Electron Micrograph (SEM) of Arbuscular
Mycorrhizal Fungi spores grown in two different cultural
conditions (a-h). Spore wall layer analysis of Arbuscular
Mycorrhizal Fungi and their corresponding murograms (i-l). Both
R. irregularis and R. clarus had two wall layer groups with R.
irregularis having two layers of temporary hyaline succeeded
by one layer of permanent laminate while R. clarus had outer
wall group comprising of one temporary mucilagenous hyaline
layer and permanent hyaline layer followed by one layer of
permanent laminate. In contrast, E. etunicata displayed a simpler
composition with one layer of each. In comparison, F. mosseae
exhibited a distinct arrangement with one layer of temporary
hyaline, an additional layer of temporary hyaline, and one layer
of permanent laminate.
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observed in in vitro and in vivo AMF spores. The figure depicts
the differences in the retention times of marker fatty acids, both
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variations in concentrations of these marker fatty acids.
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out for comparison of in vitro and in vivo AMF spores. Peaks
indicated by arrow are marker fatty acid Peaks for C16:u5c,
marker fatty acid observed in AMF of both the conditions.
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Fig. 6: Mycorrhizal colonization percentage of the Arbuscular
Mycorrhizal spores cultured under two distinct cultural conditions.
Statistical analysis of the difference in the infectivity potential of
different AMF spores cultured in distinct conditions at 95%
confidence level (Treatments T1 to T8).
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Fig. 7: Infectivity assay by the Arbuscular Mycorrhizal spores cultivated under two distinct cultural conditions. The assay was
conducted 60 days post-inoculation with 200 AMF spores per plant. The host for the assay was Sorghum bicolor, grown in 250-
gram pots filled with a sterile mixture of soil, sand, vermiculite, and perlite in equal proportions (1:1:1:1 v/v).

spores of all AMF species cultured in different
conditions. In the study, we observed that the
highest levels of C16:@w5c were present in all the
spores cultivated in vivo whereas only R.
irregularis cultivated in vitro only exhibited its
highest concentrations. This accumulation of
monounsaturated C16 fatty acids in membrane
and storage lipids serves as a protective
mechanism for AMF spores and hyphae in the
soil, potentially acting as a shield against potential
threats posed by bacteria or other fungi.
Additionally, the host may perceive it as a
symbiotic interaction, potentially aiding in evading
the host’'s immune response (Brands et al. 2020).
Our findings about the increased presence of fatty
acid 18:1»9c and decreased levels of 16:1w5cin
E. etunicata, align with the results reported in the
research conducted by Allison and Miller (2004).

Our study shows that the colonization rates were
consistently higher in in vivo AMF spores
compared to those produced in vitro spores using
Ri T-DNA transformed carrot roots. This disparity
could be ascribed to various factors, including the
potential presence of beneficial bacteria and
absence of carbon availability associated with in
vivo-produced AMF (Barea et al. 2005). Moreover,
the absence of coexisting bacteria, the absence
of abiotic stimuli, and the lack of host diversity
may influence the infectivity of AMF spores raised

in vitro (Kokkoris and Hart, 2019). The enhanced
colonization rate observed in in vivo AMF spores
could also be hypothetically attributed to their
larger spore size as spore size has been shown
to have a direct correlation with the number of
nuclei that could potentially influence the fungal
ability to develop post-germination and establish
a symbiotic relationship with plants (Marleau et
al. 2011). Previous research by Bharadwaj et al.
(2012) and Lioussanne et al. (2010) has
established the mutualistic interactions between
BLOs and AMF wherein these bacteria play a
crucial role in fungal development, affecting
hyphal growth and branching, and are commonly
found in various AMF species (Lumini et al. 2007).
Notably,R. irregularis, a species forming smaller
intraradical spores, experiences changes in the
symbiotic process when cultured in vitro,
potentially linked to the loss of associated bacteria
(Calvet et al. 2013).

Diop (2003) emphasized the need to investigate
the effectiveness of such propagules in natural
conditions, and our results reinforce the
importance of expanding our understanding of
colonization dynamics and interactions between
AMF and host plants regarding the origin of
inocula. While these observations have led to
intriguing hypotheses, our primary objective was
to ascertain whether in vitro-produced spores of
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the same AMF were functionally equivalent or
different to those obtained through conventional
pot culture systems.

CONCLUSION

This study on morphological and biochemical
characterizations of AMF species cultivated in
both in vivo and in vitro conditions has provided
valuable insights into the complexity of these
symbiotic microorganisms like the difference in
spore sizes within the species when cultivated in
different environments, the irregularity observed
on the surfaces of in vivo-cultivated spores, the
distinct differences in fatty acid composition
between in vivo and in vitro cultivated spores. The
observations suggest that AMF species may
exhibit distinct responses to cultivation conditions,
potentially influencing their effectiveness as
bioinoculants. Significant variability in colonization
behaviour is observed among different AMF
species, highlighting the importance of
understanding the inocula source, dynamic
interactions of AMF with biotic and abiotic stimuli
like carbon, etc. Our study contributes to the
growing knowledge surrounding AMF biology and
cultivation, highlighting their intricate relationships
with their environment, and the potential for
optimizing their use as bioinoculants. Further
research in this area holds promise for enhancing
agricultural sustainability and ecosystem health.
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