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Abstract: Philodendron bipinnatifidum Schott ex Endl. is a popular ornamental plant that is normally
propagated by tissue culture methods. However, the growth and acclimatization of micropropagated
plants are tarrying processes. Therefore, in the present study we examined the effect of arbuscular
mycorrhizal fungi (AMF) Gigaspora albida and G. marginata on the success in the establishment, growth,
and development of P. bipinnatifidum plantlets during the acclimatization phase. AMF plants had
significantly more leaves (10.67 per plant), leaf area (75.63 cm2), plant height (14.17 cm), shoot fresh
weight (3.30 g) and shoot dry weight (0.31 g), according to an analysis of growth characteristics.
In comparison, non-AMF plants had lower values for these metrics. In addition, AMF plants
had significantly longer main roots (23 cm), total length roots per plantlet (485.73 cm), average
root diameter (4.58 mm) per plantlet, number of root tips (236) per plant, total root surface area
(697.76 cm2), total root volume (79.98 cm3), roots fresh weight (1.51 g), roots dry weight (0.16 g) than
non-AMF plants. AMF-treated plants showed better performance in leaf gas exchange, chlorophyll,
and carotenoid content. These results emphasize the need for mycorrhization of micropropagated
plants to promote vegetative growth, especially during the acclimatization stage.

Keywords: acclimatization; in vitro regeneration; micropropagation; Philodendron bipinnatifidum;
plantlets; ornamental plant

1. Introduction

An important phase in the micropropagation of plant species is the acclimatization
of in vitro regenerated plants during ex vitro transplantation. Since they have been trans-
planted from controlled conditions of light, temperature, and greater relative humidity to
high light, temperature, and lower humidity conditions, micropropagated plants typically
experience transplantation stress. Because of inadequate stomatal control and abnormally
increased water loss through cuticles, which cause wilting and necrosis of the leaves and
ultimately cause the death of the plants, the transpiration rate in micropropagated plants
is significantly higher than in field-grown plants [1,2]. Some characteristics of in vitro-
generated plants include low net carbon dioxide uptake and fixation, poor morphological
differentiation of leaves, increased stomatal frequency, defective stomatal structure and
movement, and inadequate deposition of protective epicuticular wax on the leaves [3,4].
Even plants that are growing in waterlogged conditions also demonstrate variability in
stomatal density and stomatal morphological characteristics. However, normal stomatal
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features and density are useful to plants for the proper uptake of carbon dioxide from
the environment [5].

Researchers have adopted photoautotrophic micropropagation methods to overcome
the morphological, anatomical, and physiological variations with in vitro regenerated
plants, such as growing the plantlets under enhanced light, and carbon dioxide condi-
tions, lowering sucrose concentration in the medium and using ventilated culture vessels
that facilitate the availability of abundant resources for the plantlets to develop their
photosynthetic ability and involve in photosynthesis [6,7]. Alternately, after ex vitro trans-
plantation, colonization of micropropagated plantlets with arbuscular mycorrhiza fungi
(AMF) can also improve the plantlets’ acclimatization, survival, and performance. My-
corrhization of in vitro regenerated plants with AMF after ex vitro transplantation has
enhanced survival and plantlet performance. Field crops [2,8,9], horticultural plants [10,11],
medicinal plants [12–14], and ornamentals [15] have all shown that mycorrhization in vitro
grown plants during acclimatization is a beneficial technique for their involvement in
successful growth and development. AMF has been shown to boost early development,
improve nutrient uptake, boost disease resistance, and boost tolerance to environmental
challenges [2,16–18]. Recent pieces of evidence have suggested that mycorrhization of
in vitro-raised plants has promoted the accumulation of enzymes and metabolites and
depicted higher antioxidant activities compared to non-inoculated plants [14].

A large genus of flowering plants in the Araceae family, Philodendron is a lovely indoor
ornamental plant. The popular indoor plants cultivated all over the world, philodendrons
have a wide range of growth habits including epiphytic, hemi-epiphytic, and terrestrial.
There are countless hybrids with leaves in the colors green, red, yellow, and orange [19].
The self-heading species Philodendron bipinnatifidum Schott ex Endl. also referred to as the
‘Lacy tree philodendron’, may grow to heights of 4 to 5 m and have deeply cut, green to dark
green leaves that can extend up to 1 m in length [20]. To meet the need of the horticulture
industry micropropagation is typically used for the propagation of these plants.

In commercial micropropagation systems plant losses of 10 to 40% have been re-
ported [18,21]. Some micropropagated plants may develop functional roots during the
tissue culture or development deficient vascular connections between the root and shoot sys-
tem [22]. The slow growth of micropropagated Philodendron plants was also on record [23].
Therefore, inoculants containing AMF are a viable biotechnological tool, especially when
plants are in the acclimatization stage.

The hypothesis to be tested in this study is that inoculation with compatible AMF
species is essential for the survival and development of P. bipinnatifidum in the acclima-
tization phase. John [24] and Burndrett [25] have reported the mycorrhizal association
of natural philodendron plants. Consequently, in the current study we inoculated the
in vitro regenerated plants of P. bipinnatifidum with two AMF strains, namely Gigospora
albida and G. marginata. We analyzed the morphological (plant height, number of leaves,
leaf area, shoot fresh and dry weight, total root length, number of root tips, average di-
ameter, total root surface area, total root volume, root fresh and dry weight, number of
stomata, stomatal length, pore/aperture length and width), and physiological responses
(chlorophyll and carotenoid concentration, net CO2 assimilation, stomatal conductance,
and transpiration rate) of AMF treated and without AMF-treatment plants. The results are
useful for the in vitro regeneration of P. bipinnatifidum and successful transplantation to ex
vitro conditions.

2. Materials and Methods
2.1. Plant Materials and Arbuscular Mycorrhizal Fungi (AMF) Treatment

The King Saud University College of Food and Agricultural Science’s plant tissue
culture laboratory served as the site for this investigation. The Alawaadh et al. [20]
and Dewir et al. [23] procedure was used to multiply and root the axillary shoots of
P. bipinnatifidum in vitro. The shoots were multiplied using Murashige and Skoog’s medium
(MS) [26] supplemented with a 6-benzyl amino purine (BA; 1 mg·L−1) and indole-3-butyric
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acid IBA (0.5 mg·L−1). The axillary shoots (3.5–4.0 cm) were divided up and put individ-
ually into MS media supplemented with 5.4 µM -naphthaleneacetic acid (NAA) for their
rooting. Agar–agar (Duchefa, Haarlem, The Netherlands) was used to solidify all media
that contained sucrose (30 g·L−1), and the pH of the medium was adjusted to 5.8 before
autoclaving at 121 ◦C and 118 kPa pressure for 15 min. The cultures were maintained at
a temperature of 25 ± 2 ◦C with a cool white fluorescent tube-provided photosynthetic
photon flux density (PPFD) of 25 mol m−2·s−1 under a 16:8 h (light: dark) photoperiod.

After six weeks, the plantlets were carefully removed from the gelled medium, rinsed
with tap water, and then placed into plastic pots (21.5 cm in length, 4 cm in height, and
1.7 cm in width) filled with sterile sand and soil mixture (1:1). The potted plants were
cultivated in a growth room for the first two weeks at 25 ± 2 ◦C, 50%–60% RH, and
100 µmol m−2·s−1 PPFD (16:8 h photoperiod under white fluorescent lamps). Regular
irrigation with Hoagland nutrition solution devoid of phosphorus was given to the plant-
ings. Eight weeks after being moved into the growth chamber, the vegetative growth
of the plantlets was assessed. Each treatment had 30 repetitions, and each replicate was
represented by a container with a single plantlet.

2.2. Collection of Soil Samples and Identification of Arbuscular Mycorrhizal Fungi (AMF)

Soil samples at a depth of 10–20 cm were collected from four different sites (20 m
away) of King Saud University Botanic Garden, Riyadh, Saudi Arabia (24◦44′31.79” N
46◦51′25.19” E) in January 2022. Three replicates per sample were collected, sealed in plastic
bags, and kept at 4 ◦C until usage. A trap culture with Maize (Zea mays L.) as a target
mycotrophic plant was used to propagate AMF by the pooled soil samples. AMF spores
were scrupulously extracted using the wet sieving and decanting method after 12 weeks
of maize cultivation in the soil [27]. The AMF spores were identified on the basis of mor-
phology (i.e., shape, surface ornamentation, color, contents, and wall structure) [28,29] and
compared to the morphological descriptions of species presented in the International Culture
Collection of Vesicular-Arbuscular Mycorrhizal Fungi (INVAM) and other literature [30–32].
The AMF species found in the soil were identified (Figure 1, Spores Plater).

Figure 1. Arbuscular mycorrhizal fungi spores collected from the trap culture: crushed spore spores
of Gigaspora albida (a,b); crushed spores of Gigaspora margarita (c,d).
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2.3. AMF Colonization with Transplanted Philodendron Plants

The AMF inoculum (Gigaspora albida and Gigaspora margarita) contained growth sub-
strate, spores (density of approximately 100 per 10 dry substrates), mycelium, and infected
roots of maize. Each pot was inoculated with 50 g each of inoculum for mycorrhizal
treatment. Non-mycorrhizal treatment received 100 g sterilized AM inoculum (160 ◦C, 3 h).

2.4. Estimation of Symbiotic Development and Spore Count

Philodendron bipinnatifidum roots were separated and cleansed with distilled water.
The roots were subsequently processed for 30 min at 80 degrees Celsius in 10% potassium
hydroxide (KOH), rinsed once more, and then exposed for 3 min to 3% hydrogen peroxide
(H2O2) before being acidified for 10 min with 1% HCl. They were then stained with Trypan
blue for an additional 20 min at 80 ◦C [33]. In a lactoglycerol solution, the dyed root
segments were put on glass slides. An optical microscope was used to examine various
features in the root segment (at 400×). To evaluate intraradical colonization, at least 50 root
segments from each sample of P. bipinnatifidum were examined. It was noted that there was
mycelium, vesicles, and arbuscules present. Calculations were made about the proportion
and intensity of intraradical mycorrhizal colonization (mycelium, vesicles, and arbuscular
development) within the roots [34,35]. The spores were extracted from the substrate of each
treatment using the techniques detailed in Section 2 previously [27]. Dry soil (100 g) was
used to calculate the total spore population in each treatment.

2.5. Leaf Gas Exchange Parameters

Net CO2 assimilation, stomatal conductance, and transpiration were measured at
8 weeks of acclimatization for both non-AMF and AMF-treated plantlets of P. bipinnatifidum,
as described by Dewir et al. [36]. An LI-6400 portable photosynthesis system (Li-Cor, Inc.,
Lincoln, NE, USA) outfitted with a typical 2 × 3 cm leaf cuvette and a Li-Cor LI-6400-
02B light source was used to collect the data. The leaf temperature was 23 ◦C, and the
photosynthetic parameters were assessed in inflow air with a 350 µmol CO2 concentration
and relative humidity of 60%. Ten randomly chosen plants from each treatment were used
for the measurements, which were made in triplicate.

2.6. Measurements of Vegetative Parameters

After 8 weeks of cultivation, growth responses were measured in terms of shoot
fresh and dry weight (g), plant height (cm), and the number of leaves and leaf area (cm2)
per plantlet. Using a portable area meter, the leaf area was calculated (CI-202; CID, Inc.,
Vancouver, WA, USA). Ten randomly selected plantlets served as the source of all the
measurements, which were made in triplicate.

2.7. Measurements Leaf Pigments

Philodendron bipinnatifidum plantlets with and without AMF treatment had their chloro-
phyll and carotenoid concentrations measured. Cold acetone (80%) was used to remove
three replicates of young leaves (weighing 0.5 g each) from each treatment for two days.
The absorbance was measured at the wavelengths of 663.2, 646.8, and 470.0 nm with
calculations made following the method described by Lichtenthaler et al. [37].

2.8. Microscopic Observations of Stomata

Strips from the cuticle of the leaves of non-AMF and AMF-treated Philodendron
plantlets were prepared following the method described by Cotton [38]. The dry leaves
were soaked for 24 h and the transparent thin layer of the surface cells of the epidermal
layer of the leaf was carefully removed using pointed forceps and placed on a glass slide.
They were then stained with a mixture solution of 0.1 g triaryl methane dye and 2 mL of
glacial acetic acid in 100 mL distilled water (a light-green dye) for several seconds and cov-
ered with a slide cover. The glass slides were examined to identify stomata types, stomata
size (measured with an ocular ruler), and stomatal density (number of stomata per unit
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area) using an optical microscope with a SwiftCam 20 Megapixel camera for microscopes
(DeltaPix, Smørum, Denmark). The microscopic images of the leaf surfaces were captured
at 40×magnification. The type of stomata, stomatal density, and aperture length and width
were determined in the microscopic view field. A total of 30 measurements were conducted
for the analysis of stomatal characteristics from randomly selected plants with different
leaves (10 × 3 = 30).

2.9. Measurement of the Root Growth Parameters

The roots of P. bipinnatifidum plantlets, both non-AMF and AMF-treated plantlets, were
removed from the pots and washed with tap water to establish three root replicates for three
plants from each treatment. Before scanning, the roots were toluidine red dyed for around
8 h. A flatbed scanner (Cannon unit 101, Green Island, NY, USA) was used for scanning, and
WinRHIZO software was used to analyze the images (V5.0, Regent Instruments, Quebec,
QC, Canada). We measured a few root system characteristics, including root fresh weight,
total root length, root diameter, root volume, and root surface area.

2.10. Experimental Design and Data Analysis

With 30 replicates for each treatment, the studies were properly randomized. One
plantlet in a pot served as the representation of each replicate. Utilizing ANOVA and the
unpaired t-Test, the treatment effects were statistically evaluated.

3. Results
3.1. Mycorrhizal Colonization

After eight weeks of cultivation, the roots of AMF-treated plants were harvested
and examined for colonization with the host plants. The microscopic observation of the
mycorrhizal status of P. bipinnatifidum plantlets indicated the presence of all predicted
AMF structures (mycelium, vesicles, arbuscules, and spores) in the roots (Figure 2). The
analysis of the mycorrhizal colonization showed the colonization percentage as mycelium
66.66%, vesicles 11.11%, and arbuscules 51.11%. The total spore count was also recorded as
(169/100 g soil).

3.2. Plant Growth

Overall, plant growth was initially low. However, growth increased as the plantlets
were adjusted to the ex vitro environment. Analysis of growth parameters such as the
number of leaves per plant, leaf area, plant height, and shoot fresh and dry weight revealed
that AMF plants had a significantly greater number of leaves (10.67 per plant), leaf area
(75.63 cm2), plant height (14.17 cm), shoot fresh weight (3.30 g) and dry weight (0.315 g).
These parameters were comparatively lower in non-AMF plants (Table 1). Figure 3a
shows the promotive effect of vegetative growth AMF plants when compared to non-AMF
plants. Root growth characteristics of AMF-treated plants were compared with non-AMF-
treated plants and presented in Figures 3b and 4. The length of the main root (23 cm),
total root length/plantlet (485.73 cm), number of root tips/plantlet (236), average root
diameter/plantlet (4.58 mm), total root surface area (697.76 cm2), total root volume/plantlet
(79.98 cm3), root fresh weight (1.51 g) and root dry weight (0.16 g) were all significantly
higher when compared to non-AMF plants (Figure 4).

Table 1. Stoma density, leaf gas exchange and pigments, and vegetative growth characteristics of
Philodendron bipinnatifidum in response to arbuscular mycorrhizal fungi after 8 weeks acclimatization.

Growth Parameters Non-AMF AMF Treated

Number of stomata (mm2) 78.93 ± 9.874 136.68 ± 5.775 **
Aperture length (µm) 11.00 ± 1.354 11.5 ± 0.2886 NS

Aperture width (µm) 8.25 ± 0.6292 9.5 ± 0.2887 NS

Net CO2 assimilation (µmol CO2·m−2·s−1) 7.1905 ± 0.3865 9.2673 ± 0.4032 ***
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Table 1. Cont.

Growth Parameters Non-AMF AMF Treated

Stomatal conductance (mol H2O·m−2·s−1) 0.0239 ± 0.0007 0.0492 ± 0.0029 ***
Transpiration rate (mol H2O·m−2·s−1) 0.8784 ± 0.0234 1.6324 ± 0.0901 ***

Chlorophyll a (mg·g−1 FW) 1.379 ± 0.0024 1.512 ± 0.0130 **
Chlorophyll b (mg·g−1 FW) 0.571 ± 0.0088 0.598 ± 0.0096 NS

Chlorophyll a+b (mg·g−1 FW) 1.950 ± 0.0112 2.110 ± 0.0226 **
Chlorophyll a/b ratio 2.414 ± 0.2751 2.529 ± 0.0188 NS

Carotenoids (mg·g−1 FW) 0.423 ± 0.0004 0.533 ± 0.0070 ***
Number of leaves/plants 7.00 ± 0.408 10.67 ± 0.624 **

Leaf area/plant (cm2) 31.11 ± 3.058 75.63 ± 1.207 ***
Plant height (cm) 12.13 ± 0.409 14.17 ± 0.118 **

Shoot fresh weight/plant (g) 1.776 ± 0.081 3.307 ± 0.047 ***
Shoot dry weight/plant (g) 0.148 ± 0.013 0.315 ± 0.004 ***

NS = not significant, ** and *** = significant at p ≤ 0.01, and p ≤ 0.001, respectively, according to unpaired t-test.

Figure 2. Photomicrographs indicating the root colonization structures and colonization status in
the roots of Philodendron bipinnatifidum in response to arbuscular mycorrhizal fungi after 8 weeks
acclimatization. ((a–d) 400× magnification). The presence of extraradical hyphea (EH) indicated
initiation of AMF colonization, which later propagated and developed various structural forms such
as intraradical intact spores (IS); Vesicles (V). (e) AMF root colonization (Mycelium, Vesicles, and
Arbuscules) and spore count of Philodendron plants.
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Figure 3. Photograph showing vegetative growth (a) and root growth (b) in non-AMF and AMF-
treated Philodendron bipinnatifidum plants after 8 weeks of acclimatization.

Figure 4. Root growth characteristics in non-AMF and AMF-treated Philodendron bipinnatifidum plants
after 8 weeks of acclimatization. (a) Length of the main root per plantlet, (b) Total root length per
plantlet, (c) Number of root tips per plantlet, (d) Root diameter per plantlet, (e) Total root surface
area per plantlet, (f) Total root volume per plantlet, (g) Root fresh weight per plantlet and (h) Root
dry weight per plantlet. * = Significant at p ≤ 0.05 according to unpaired t-test.
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3.3. Stomatal Frequency, Stomatal Conductance, Leaf Gas Exchange, and Transpiration Rate

In the current study, the plants which were treated with AMF showed higher leaf gas
exchange, net-CO2 assimilation, high transpiration rate, and stomatal conductance (Table 1)
compared to non-AMF plants. The number of stomata per unit area was higher in the
AMF-treated plants (136.68 mm2), whereas the aperture length and aperture width of the
stomatal apparatus were almost similar in both AMF and non-AMF treated plants (Table 1;
Figure 5). The net CO2 assimilation was 9.26 µmol CO2·m−2·s−1 in AMF plants, whereas
CO2 assimilation was 7.10 µmol CO2·m−2·s−1 in non-AMF plants. Stomatal conductance
was 0.049 mol H2O·m−2·s−1 and 0.023 mol H2O·m−2·s−1, respectively, in AMF and non-
AMF plants. The transpiration rate was 1.6324 mol H2O·m−2·s−1 in AMF-treated plants
and it was 0.8784 mol H2O·m−2·s−1 in non-AMF-treated plants (Table 1).

Figure 5. Stomatal density in non-AMF (a,c) and AMF-treated (b,d) Philodendron after 8 weeks of
acclimatization (40×magnification).

3.4. Chlorophyll and Carotenoid Content

The leaf chlorophyll and carotenoid content were estimated with AMF-treated and
non-treated plants, and results are presented in Table 1. The chlorophyll a (1.512 mg·g−1

FW), chlorophyll b (0.598 mg·g−1 FW), chlorophyll a+b (2.529 mg·g−1 FW), chlorophyll
a/b ratio (2.529) and carotenoid (0.533 mg·g−1 FW) were higher in AMF-treated plants
compared to non-treated plants (Table 1).

4. Discussion

The acclimatization phase is one of the pivotal steps during the micropropagation of
plants and it is the transition phase wherein plants are entering into autotrophic conditions
(ex vitro) from heterotopic conditions (in vitro). Plants that have adjusted/habituated to
heterotrophic nutrition and physical conditions (such as light, temperature, and humidity)
may fail to overcome the unfavorable related ex vitro cultivation. During this transition,
pivotal physiological processes for the plant’s survival must be enhanced. The acclimati-
zation phase may affect the plant’s photosynthetic efficiency, reduce its defense against
pathogens and hinder the proper development of the root and sap conditions systems [39].
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Many researchers have used AMF at this crucial stage of the plant’s transition stage, as
they provide several benefits to the plants with which they are associated. AMF provides
protection against biotic and abiotic stresses as well as the improvement in plant growth
and development [40]. AMF are obligatory biotrophs and the symbiosis basically involving
of nutrients, in which the plant provides carbon through products of photosynthesis, and
the AMF transfer nutrients from the soil to the plants [41]. In general, the AMF develops
their hyphae rapidly through the soil for longer distances and adsorb nutrients efficiently
to the plants. These features are useful to plants at the pivotal time of acclimatization. Due
to these advantages, mycorrhization/AMF inoculation is widely recommended for the ex
vitro establishment of horticultural plants [39,42]. In the present study we isolated two
AMFs, namely Gigospora albida and G. marginata, and inoculated them to the plantlets in
equal amounts of P. bipinnatifidum after transplantation to potting medium. After eight
weeks of cultivation, the roots of treated plants were harvested and examined for colo-
nization with the host plants. The microscopic observation of the mycorrhizal status of
P. bipinnatifidum plantlets indicated the presence of all predicted AMF structures (mycelium,
vesicles, arbuscules, and spores) in the roots (Figure 2). The analysis of the mycorrhizal
colonization showed the colonization percentage as mycelium 66.66%, vesicles 11.11%,
and arbuscules 51.11%. Similarly, Etilingera elatior microporpagated plants showed very
good colonization of AMF fungi Gigospora albida and Claroideogloums etunicatum after the
treatment with these fungi [10].

Varied reports suggest that colonization of micropropagated plants with AMF after
ex vitro transplantation can enhance growth and plant performance. For example, AMF-
inoculated plants have demonstrated an increase in plant height, shoot biomass, leaf
number, and leaf area in Gerbera and Heliconia [43], Gloriosa superba [44], Musa acuminata [45],
and Paeonia spp. [46]. The results of the present study also support this view and AMF
plants had a significantly greater number of leaves (10.67 per plant), leaf area (75.63 cm2),
plant height (14.17 cm), shoot fresh weight (3.30 g), and shoot dry weight (0.314 g) than
control plants, according to an analysis of growth characteristics. In comparison, non-AMF
plants had lower values for these metrics (Table 1; Figure 3a). It has been demonstrated
very well that reduction in plant morphological characteristics, i.e., reduced stem length,
number of leaves, leaf area (length and width), and overall vegetative growth of plants
causes a severe reduction in photosynthesis, leaf water potential, and sap movement [47,48].
About these features, the use of beneficial AMF during acclimatization will help the plants
to involve in proper growth and achieve higher biomass (stem length, number of leas, and
leaf area) so that plants in the process of acclimatization will involve proper physiological
functions including photosynthesis.

Figures 3b and 4 provide data comparing the root growth traits of plants treated with
AMF and without AMF. In comparison to non-AMF plants, the main root’s length (23 cm),
total root length per plantlet (485.73 cm), number of root tips per plantlet (236), average
root diameter per plantlet (4.58 mm), total root surface area (697.76 cm2), total root volume
(79.98 cm3), root fresh weight (1.51 g), and root dry weight (0.16 g) were all significantly
higher in AMF plants. A similar increase in root growth and biomass accumulation was
reported in AMF-treated plants of Alpinia purpurata [15], Citrus limon [8], and Scutellaria
integrifolia [12].

Tissue culture plants upon transplantation showed very low chlorophyll content and
reduced net-CO2 assimilation, high transpiration rate, and stomatal conductance [7]. How-
ever, plants subjected to AMF treatments have restored these physiological functions several
days after transplantation [2]. Furthermore, stomatal density and stomatal morphology are
important characteristics that enable plants to involve net physiological functions such as
CO2 assimilation, stomatal conductance, and transpiration [49]. Moreover, higher stomatal
density observed in AMF plants is known to have a direct positive influence on stomatal
conductance and enhanced photosynthetic rate [50]. The plants treated with AMF in the
current study had a higher stomatal density and showed increased stomatal conductance,
net CO2 assimilation, and leaf gas exchange, when compared to non-AMF plants (Table 1).



Horticulturae 2023, 9, 276 10 of 12

In contrast to non-AMF plants, AMF plants had higher leaf stomatal densities, with more
stomata per unit area (136.68 mm−2) in the AMF-treated plants (Table 1; Figure 5), while
the aperture length and aperture width of the stomatal apparatus were nearly the same
in AMF-treated plants and non-AMF-treated plants. The chlorophyll A (1.512 mg·g−1

FW) and carotenoid (0.533 mg·g−1 FW) were higher in AMF-treated plants compared to
non-treated plants (Table 1). However, the quantity of chlorophyll b and chlorophyll a/b
ratio were similar in AMF-treated and control plants (Table 1). An increment in chlorophyll
was also reported in AMF-treated plants of Capsicum annuum [2], Glycyrrhiza glabra [13],
and Vitis vinifera [47]. The higher stomatal frequency and stomatal conductance in AMF
plants compared to non-AMF plants were attributed to the higher chlorophyll content,
higher leaf area, and a greater number of leaves. Previous studies have also suggested a
positive correlation between chlorophyll content and net photosynthetic rate [48–51]. Over-
all, the results of current experiments demonstrate the beneficial effects of AMF with the
micropropagated plants enabling their physiological adjustments during acclimatization.

5. Conclusions

The current study offers new knowledge about the development and physiological re-
sponse of control and AMF-treated P. bipinnatifidum plants grown in tissue culture. Plantlets
of the P. bipinnatifidum benefited from the establishment, growth, and development of the
arbuscular mycorrhizal fungi (Gigaspora albida and G. marginata). In terms of shoot and root
growth, leaf gas exchange, chlorophyll content, and carotenoid content, the AMF-treated
plants performed better. In addition, AMF-treated plants had more stomata, stomatal
conductance, net CO2 assimilation, and transpiration rate as compared with non-AMF
plants. Therefore, we conclude that AMF’s interaction with acclimatizing plants was the
cause of superior growth, development, and physiological characteristics. Further, tissue
culture plant mycorrhizal treatments are advantageous for the establishment during the
acclimatization period. The use of additional AMF fungi and establishing consortium AMF
fungi will be investigated further to aid in the acclimatization of tissue-cultured plants.
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