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Abstract: Carica papaya L. or “papaya” is a very important species in which many technological packages have been
implemented, such as fertilization and inoculation with arbuscular mycorrhizal fungi (AMF). However, no studies
have been conducted to evaluate the interaction between phosphorous (P) fertilization and AMF in in vitro-
propagated papaya plantlets after the acclimatization phase. This study aimed to evaluate the effect of Rhizgphagus
irregnlaris and P on C. papaya growth. Papaya plants were propagated # vifro and received the treatments after taking
root and being acclimatized for 15 days. The plants were inoculated with 0, 2, and 5 grams of R. irregularis and
fertilized with 0, 30, and 60 ppm of P. Growth was evaluated after 45 days. All the analyzed shoot variables showed
maximum growth when the plants were treated with 5 g of AMF and 60 ppm of P. Likewise, there was a significant
increase in the number of leaves and leaf area index. In the root, the increase was higher in the fresh weight, but no
statistical differences were found in its length. These results indicate that AMF and P are responsible for the increase
in growth. Furthermore, the relatively high correlation between the percentage of mycorrhization and the other
variables was not affected by the concentrations of P applied. The use of R. irregularis and P significantly increased
the growth of C. papaya L. after the acclimatization phase.

Keywords: arbuscular mycorrhiza, fertilization, mycorrhizae, papayas, phosphate fertilizers.

Resumen: Carica papaya L. “papaya” es una especie muy importante, en la cual se han implementado diversos
paquetes tecnologicos, como la fertilizacion e inoculacién con micorrizas arbusculares (MA). Sin embargo, no se han
llevado a cabo estudios para conocer la interaccion entre la fertilizacién con fésforo (P) y las MA en papaya propagada
in vitro después de la fase de aclimatacion. El objetivo de este estudio fue evaluar el efecto de Rbigophagus irregularis
y del P sobre el crecimiento de C. papaya. Las plantulas de papaya se propagaron in vitro y recibieron los tratamientos
después del enraizamiento y la aclimatacién durante 15 dfas. Las plantas se inocularon con 0 g, 2 gy 5 g de R. irregularis
y se fertilziaron con 0 ppm, 30 ppm y 60 ppm de P. El crecimiento se evalué después de 45 dias. Cuando las plantas
se trataron con 5 g de MA y 60 ppm de P, las variables del tallo analizadas mostraron el crecimiento maximo.
Asimismo, hubo un incremento significativo en el numero de hojas y el indice de area foliar. En la raiz, el incremento
fue mayor en el peso fresco, pero no se observaron diferencias estadisticas en la longitud, resultados que indican que
tanto las MA como el P son responsables del incremento en tamafio. Ademads, se observé que la correlacion
relativamente alta entre el porcentaje de micorrizacion y las demas variables no se vio afectada por las
concentraciones de P. En conclusién, el uso de R. irregularis y P incrementaron significativamente el crecimiento de
C. papaya L. después de la fase de aclimatacion.

Palabras clave: fertilizacion, micorrizas, micorrizas arbusculares, papaya, fertilizacién por fosfato.
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Introduction

C. papaya 1s a Caricaceae fruit plant species from America currently distributed worldwide, with
a relatively short lifespan (Mitra et al., 2020). Its crop and fruit demand have considerably
increased overseas (Fuentes & Santamarfa, 2014). The importance of this plant lies in the quality
of its fruits and seeds, which have nutraceutical properties with high levels of micronutrients and
secondary metabolites (Gautam et al., 2022). Thus, in the context of a more sustainable
agriculture necessity, there is a need to improve this crop in terms of management and
fertilization, which are the most common problems. To ameliorate this problem, producing
vitro plants is a costly process that depends on the appropriate development of plantlets,
especially at the greenhouse level (Gonzalez et al., 2021). The reduction of greenhouse time can
be achieved through appropriate nutritional management. The plants obtained after this stage
have developed an optimal root system and should be ready to be taken to the field (Fitch et al,,
2022). To stimulate the growth and development of plants during the greenhouse stage, it is
common to use inorganic fertilizers that ensure macronutrients and biofertilizers (Moreno-
Hernandez et al., 2022).

Fertilization with nitrogen (N), phosphorous (P), and potassium (K) is essential for the
development of different plant species (Hidalgo Rodriguez et al., 2014). During plant growth,
these elements are essential for anabolic reactions. For instance, P is a structural component of
all plant species since it is present in nucleic acids and energetic molecules such as ATP and
NADH'. Along with mineral fertilization, symbiosis has been successfully applied to papaya
amongst current technologies employed in this crop to increase the growth rate under
greenhouse conditions (Hidalgo Rodriguez et al., 2021). Among these microorganisms,
arbuscular mycorrhizal fungi (AMF), such as R. irregularis, have increased growth in different
development phases in Psidium gnajava (Quinones-Aguilar et al., 2017). Furthermore, these
symbiotic microorganisms can benefit plants by minimizing biotic and abiotic stress factors
(Hidalgo Rodriguez et al., 2021; Toro & Andrade, 2021).

Indeed, using AMF to improve plant growth has extensively been demonstrated in different
crops (Alaya et al., 2021a; Hidalgo Rodriguez et al., 2021; Ramos Otiniano et al., 2021). The most
notorious increments include weight, shoot and root length, and leaf area (Gonzalez et al., 2021;
Hidalgo Rodriguez et al., 2021). These studies have confirmed that plants inoculated with AMF
decrease fertilization requirements, reducing production costs. However, P induces toxicity and
minimizes the establishment of the plant-AMF symbiosis (Ordofiez Castafieda et al., 2021).

Due to the adaptability of papaya to the Peruvian coastal agroecosystem, this crop is being
promoted by the Chavimochic Special Project. Indeed, the Chavimochic plant biotechnology
laboratory has established a new 7 vitro protocol to micropropagate a new papaya variety (José
Peredo A., personal communication, 2022). However, these plants tend to be more susceptible
to transplant stress during acclimatization, reducing their vegetative growth and increasing the
time in the greenhouse (Posada-Perez et al., 2022). Besides, there is a lack of knowledge on the
interaction of P fertilization and AMF after the 7z vitro stage. Therefore, this research aimed to
determine the effect of R. irregularis and P fertilization in papaya growth after the acclimatization
stage under greenhouse conditions for 45 days. In the appropriate conditions, the use of P
tertilization and R. zrregularis is expected to induce the growth of papaya plants, synergistically
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affecting the growth parameters of the plantlets without negatively infecting the mycorrhization
percentage.

Materials and Methods
Plant Material

C. papaya cv. Marel plants were obtained through somatic organogenesis from 7z vitro
micropropagation. Since this species cannot be acclimatized 7 vitro, the acclimatization process
is performed ex vitro under greenhouse conditions. The acclimatization of papaya plantlets was
performed in a plastic chamber with 100 % humidity at a temperature of 22 * 3 °C for 15 days
in the Chavimochic Special Project Biotechnology Laboratory. The inoculum of R. érregularis was
obtained from the commercial product AEGIS Endo Granulo (100 spores per gram) provided
by Agrotecnologias Naturales ATENS.

Experimental Design and Treatments

Forty-five morphologically homogeneous plantlets were randomly distributed in nine groups.
The substrate was prepared with a 1:1 mixture of washed and sterilized river sand (30 minutes
at 120 °C and 1 atm in an autoclave Presoclave III) and Kekkild Peat moss. The substrate was
put in 2 L polyethylene bags. A 5 cm diameter hole was made to add the inoculum quantities of
0, 2, and 5 grams (with 0, 200, and 500 spores each) and set the plantlets’ roots in direct contact
with the fungus. Each plant’s substrate inside the plastic bag was regarded as an experimental
unit. The plants were separated in three groups, and each was watered with different nutritional
solutions of 0, 30, and 60 ppm of P, as described in Table 1.

Table 1. Levels of R. érregularis inoculum and P fertilization employed as treatments in C. papaya

Inoculum quantity (g)

Plppm] , 5
0 T1 T4 T7
30 T2  T5 T8
60 T3 TG T9

Source: Prepared by the authors.

The system was installed in the Chavimochic Special Project Biotechnology Laboratory and
arranged in a Full Factorial, Completely Randomized Design with two factors, with three levels
each, including inoculum quantity (0, 2, and 5 g) and P concentration (0, 30, and 60 ppm),
comprising nine treatments with five repetitions each. The treatments were randomly assigned
to each experimental unit using the function “RANDBETWEEN” in a Microsoft Excel
spreadsheet. Plantlets were watered three times a week at field capacity with the appropriate
nutritional solution and maintained at a temperature of 26 () 2 °C for 45 days.

Cienc. Tecnol. Agropecnaria, 25(1): €3371
DOTL: https://doi.org/10.21930/tcta.vol25_numl_art:3371


https://doi.org/10.21930/rcta.vol25_num1_art:3371

Manuel Hidalgo., et al. Rhbizophagus irregularis and P Fertilization

Data Gathering

At 45 days of treatment, the plantlets were evaluated to determine the number of leaves, shoot
diameter, root and shoot length, leaf area index (ILAI), fresh and dry weight of shoots and roots,
and mycorrhization percentage. Shoot length was determined by the distance between the stem
base and the shoot apex using a 60 cm ruler. The shoot diameter was measured in the medial
part, utilizing a 0.05 precision Vernier. The fresh weight was determined independently in shoots
and roots; these organs were separated at the stem base and immediately weighed. To measure
the dry weight, the shoot was dried in a stove at 80 °C until it reached a constant weight. The
LAI was calculated from leaves at the central part of the stem. They were put in a transparent
envelope and scanned. The silhouettes were printed and cut in 80 g white copy paper. The area
of the silhouettes was estimated by taking the weight of 1 dm” of paper and performing a direct
rule of three. The direct counting of plants approach was taken to evaluate the number of leaves.
The distance between the taproot base and the primary root tip was measured with a 60 cm ruler
to obtain the root length.

The modified Phillips and Hayman method (1970) measured the mycorrhization percentage.
The roots were colored with lactophenol blue. Then, the number of hyphae, arbuscules, vesicles,

and spores of R. #rregularis in 1 cm segments of roots was considered to proceed with Equation
1:

MI (%) = (SI/SO)*100 (1)

Where MI (%): mycorrhization percentage; SI: number of segments infected; SO: number of
segments observed.

Data Analysis

After testing for normality in the data distribution and homoscedasticity, parametric tests were
performed with the package software Statgraphics Plus 5.1 to establish significant differences
among treatments by performing a two-way ANOVA. The results that showed differences were
further analyzed using Tukey’s multiple comparison test (p < 0.05). The correlation indexes
between variables were obtained with the software R version 4.2.2 and Pearson’s correlation
(alpha = 0.05) using the CorrPlot package.

Results and Discussion

P fertilization is key since this element participates in the energy storage obtained from different
metabolic processes, which can influence diverse growth variables (Tavarini et al., 2018). The
amount of P that a plant can absorb depends on the quantity and availability of this mineral,
which is affected by the soil pH. In this aspect, the mycorrhizae and P fertilization facilitate P
absorption in different crops (Thioub et al., 2019). This has been demonstrated by the results of
this study (Figure 1), which are similar to the findings of Al-Maghraby et al. (2018), who
confirmed that P fertilization alongside AMF Glomus spp. managed to increase the dry weight,
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number of leaves, and other characteristics of onion plants. Moreover, similar results have been
observed in other plants, such as Zea mays, Triticum aestivum, Medicago sativa, and Trifolinm repens
(Cloutier et al., 2020; Liu et al., 2020). These results are caused by AMF proliferation inside the
roots, increasing the solubilization and absorption rates and improving physiological processes
(Al-Maghraby et al., 2018; Liu et al., 2020; Nafady & Elgharably, 2018; Soretire et al., 2020;
Varinderpal-Singh et al., 2020; Xiao et al., 2020).

Figure 1. C. papaya plants treated with R. zrregularis and P under greenhouse conditions. A. Plants
at 0 days of treatments. B. Plants at 45 days of treatments.
Source: Authors’ archives.

According to the statistical analysis, the inoculum quantity and the P concentration significantly
affected the growth variables measured in C. papaya plants. However, no significant effect could
be observed when measuring the interaction of these factors. Hence, the different P levels did
not affect the results of the quantities of R. zrvegularis inoculum used (Table 2). The results show
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an increase in the number of leaves, shoot diameter, length, and fresh and dry weight (5 g, 12.33
mm, 6.89 mm, 20.22 cm, 17.81 g, and 2.43 g, respectively) caused by the three levels of R.
irregularis inoculation. The 30 and 60 ppm P treatments gave rise to the most significant increases

for these variables.

Table 2. Growth variables and variation sources in C. papaya plants

Shoot Leaf Root
V:;f::em Diameter Length 3::;12 'Dry Number of Lei:lf;izg::a Length fr::;llll MZ:;ZTi-
(mm) (cm) @ weight (g) leaves (un) T (cm) (t) %)
A: Inoculum (g) .
5.01¢ 11.74¢ 8.09¢ 1.14¢ 8.4¢ 41.05> 38.65% 9.35¢ 0.00¢
2 6.14> 18.02>  14.33b 1.93b 10.27> 70.332 4402 1811 47.37>
6.892 20220 17.81» 2.43# 12.332 83.952 39.272 22122 65.112
B: Phosphorous (ppm)
0 5.37b 13.27b 9.09> 1.28b 9.07> 50.13P 41342 12.06° 39.602
30 6.322 17.71>  14.262 2.002 10.732 67.73* 39.36r  18.252 36.672
60 6.35 19.01=  16.897 2220 11.207 77.452 4124~ 19.25 36.222
ANOVA
A srokkok ootk ootk sokkok okt okt as okt okt
B kokokok kkokok kkokok kokokok kkokok kkokok ns kokokok ns
AB ns ns ns ns ns ns ns ns ns
CV (%) 9.36 10.95 29 23.63 7.97 23.96 17.5 18.68 13.02

ns: no significance found; ****: p < 0.0001 indicates significant differences.
Source: Prepared by the authors.

At the level of roots, R. zrregularis inoculation and P concentration did not cause any statistically
significant increase in the root length. Nonetheless, the fresh weight was positively affected,
reaching a maximum value of 22.12 g, when the plants were treated with 5 g of R. #rregularis.
Likewise, the 30 and 60 ppm P concentrations caused the highest values of root fresh weight
(18.25 and 19.25 g, respectively). Regarding the leaf area, the inoculation with 5 g of R. 7rregularis
induced values of 83.95 and 72.51 cm® Meanwhile, the 0 and 30 ppm P concentrations increased
the leaf area values to 67.73 and 77.75 cm?, in contrast to the 60 ppm of P, with a value of 68.60
cm’. For the mycorrhization percentage, the plants that did not receive AMF inoculum showed
0 % of mycorrhization; this percentage increased statistically (47.37 %) in the plants treated with
2 g of inoculum. Finally, the highest value (65.11 %) of mycorrhization percentage was observed
in plants treated with 5 g of R. zrregularis inoculum (Table 2). Therefore, the higher concentrations
of inoculum induced the higher mycorrhization percentages. The treatment with 5 g of inoculum
induced a value of 65.11 %, which contrasted with the other P concentrations and did not
statistically affect the mycorrhization percentage (Table 2).
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In the C. papaya plants in the study, the inoculation with R. zrregularis and P concentration affected
the number of leaves (Table 2). Ramos Otiniano et al. (2021) obtained the same result in tomato
plants by inoculating this species with 0, 1.5, and 3 g of inoculum. Regarding P fertilization, the
number of leaves also increased due to the symbiosis established between AMF and C. papaya,
which allowed for a rise in this macronutrient absorption at the root level (Ceballos et al., 2013).
This nutrient is utilized in the cell division process as well as in cell growth (Malhotra et al.,
2018). The same pattern can be observed at the shoot level, where the presence of R. irregularis
and the P concentration caused an increase in diameter, length, and fresh and dry weight (Table
2). The increase in these variables was most probably caused by the osmoregulation of nutrients
that occurred at the root level during the symbiotic interaction of the crop and R. irregularis
(Ramos Otiniano et al.,, 2021). Likewise, Malhotra et al. (2018) state that the phenotypical
variables are more sensitive to P bioavailability due to the role of this element in cell enlargement.
As for the fresh and dry weight of the shoot, Cong et al. (2020) state that P participates in the
photosynthetic process, which guarantees the mass increase in the dry and fresh matter in the
shoot.

The leaf area of papaya plants was affected by the quantity of R. #rregularis inoculum and P
available in the substrate. might indicate that the fungus works along the plant, increasing P
acquisition for the cell processes and C exchange (Malhotra et al., 2018), which in turn expands
the leaves, augmenting the leaf area. As for the mycorrhization percentage, this variable was only
affected by the inoculation with R. irregularis and not by the P levels (Table 2), similar to the
results reported by Alaya et al. (2021a, 2021b). This direct relationship between R. zrregularis
inoculum quantity and papaya plants could also be explained by a positive effect on the
physiological development of the latter (Fasusi et al., 2021). The results at the leaf level, including
leaf area and number of leaves, show an overall increase as plants were treated with increasing
levels of both P and R. érregularis inoculum (Table 2).

At the root level, root length was unaffected by either factor (Table 2). Similar results were
obtained by Alaya et al. (2021a) in Zea mays and Ramos Otiniano et al. (2021) in Solanum
lyeopersicurm. This apparent lack of root growth in length could be related to the space limitations
imposed by growing the plants in containers with a limited height. Thus, we must acknowledge
that root weight constitutes a better indicator of root development under this condition. Indeed,
when evaluating weight, significant differences were observed among plants submitted to the
treatments used in this study. P fertilization and inoculation induced higher values with
significant differences than the control group. P fertilization also affected root fresh weight,
though no difference was observed between the two concentrations used in this research. The
increase in root fresh weight is comparable to the findings obtained by Ramos Otiniano et al.
(2021) in Solanum lycopersicum, where an increase in root weight was induced by inoculation with
R. irregularis. This increase could be influenced by the establishment of the symbiosis between
AMF and the plants, which increases the efficiency of the absorption system, inducing an
accumulation of nutrients in the roots (Diaz-Franco et al.,, 2016). Furthermore, White et al.
(2018) point out that P is an important mineral in establishing root biomass, considering a direct
relationship between the acquisition of this element and root weight.
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Shoot Variables

When the plants were analyzed according to the individual treatments, significant differences
became evident when the concentrations of P and R. zrregularis gradually increased. At the shoot
level (Figure 2), the treatments increased the length compared to the control (7.96 cm). In the
plants that did not receive R. zrregularis inoculum, the 30 ppm and 60 ppm P fertilization increased
to 13.26 cm and 14.00 cm, respectively (Figure 2a). The shoot length increased in the group of
plants treated with 2 g of inoculum. The plants fertilized with 0 and 30 ppm of P, showing no
statistical differences with each other, having average heights of 15.54 cm and 19.16 cm,
respectively. In this group, the plants fertilized with 60 ppm of P significantly increased (19.36
cm) over the non-P-treated group (Figure 2a). Lastly, when 5 g of the R. zrregularis inoculum were
used, all the plants showed significant increases over those not receiving inoculation. Inside this
group, 30 and 60 ppm P fertilization increased plant height to 20.70 and 23.66 cm (Figure 2a).
Gradual increases in shoot diameter were observed in S. Aeopersicum treated with different levels
of R. irregularis inoculum (Ramos Otiniano et al., 2021). In C. papaya cv. “Maradol,” treated with
different AMF inocula and four concentrations of N, Quifiones-Aguilar et al. (2015) reported
increased plant height. This increase depended on the AMF used in the study rather than the N
concentrations. In fact, the higher N concentrations in papaya “Maradol” reduced both AMF
colonization and growth. In comparison, the higher P concentrations in our research did not
affect R. 7rregularis colonization or papaya growth.

Regarding the shoot diameter, the results tended to increase as higher P and inoculum values
were used (Figure 2b). The control plants (0 ppm of P) showed the minimum diameter (3.96
mm) as compared to the plants treated with 30 and 60 ppm P concentrations, which had
statistically higher diameter values (5.42 and 5.64 mm, respectively). In contrast, in the plants
treated with 2 g of R. zrregularis, no significant differences in shoot diameter were observed among
the groups treated with 0, 30, and 60 ppm of P (5.85, 6.36, and 6.21 mm, respectively). The
group of plants treated with 5 g of inoculum showed increases in the shoot diameter in the 30
and 60 ppm P fertilization concentration (7.18and 7.19 mm, respectively), which were significant
compared to the 0 ppm P fertilized plants (16.30 mm; Figure 2b). The fresh and dry weights
were affected by both factors compared to the control group (3.59 and 0.52 g; Figures 2c and
2d), with the 30 and 60 ppm P concentrations increasing the fresh weight both in the O and 2 g
inoculum concentrations to values of 10.02, 10.67, 15.10, and 16.57 g for the fresh weight, and
1.45, 2.04, 1.45, and 2.22 g for the dry weight (Figures 1d and 2c). These values were statistically
lower than those of plants treated with 5 g of inoculum. In this group, the 30 and 60 ppm P
fertilization induced the highest values, with 17.66 and 23.42 g for fresh weight and 2.51 and
2.98 g for dry weight. The results of the groups treated with 5 g Inoculum show no statistically
significant differences according to Tukey’s test (p < 0.05; Figures 2c and 2d).
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Figure 2. Shoot variables in C. papaya plants treated with R. drregularis and different P
concentrations under greenhouse conditions. a. Shoot length. b. Shoot diameter. c. Shoot fresh
weight. d. Shoot dry weight. Means are represented by vertical bars; different P treatments are
colored differently, lines on each bar indicate the standard error, and Tukey’s test (p < 0.05)
groups are shown with different letters above the bars.

Source: Prepared by the authors.

Leaf Variables

Results for the leaf variables were significantly different according to treatments (Figure 3). The
number of leaves increased compared to the control group (6.6 units). In the plants that were
not inoculated, the 30 and 60 ppm P treatments increased the number of leaves to 9.2 and 9.4
units (Figure 3a). These results were statistically similar to the plants treated with 0 and 30 ppm
of P in the groups inoculated with 2 g of R. zrregularis (9.2 and 10.4 units, respectively). The 60
ppm P fertilization induced an average statistical increase of 11.2 units in this group. The plants
treated with 5 g inoculation showed the highest increase in leaf count to 11.4, 12.6, and 13.0
units, with no statistical differences regarding P fertilization (Figure 3a).

Similarly, in S. legpersicum, the number of leaves increased in plants inoculated with R. zrregularis
(Ramos Otiniano et al., 2021). However, the leaf count did not differ between the two inoculum
levels. This contrasts with our study, in which the treatment with 5 g of R. zrregularis inoculum
induced a higher number of leaves than with 2 g of inoculum.

The LAI was also affected by P and R. #rregularis application (Figure 3b). The control group
showed the minimum area, with a value of 23.74 cm® The plants that were not inoculated
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showed statistically similar results, with 23.74, 51.77, and 47.63 cm”® for the groups with 0, 30,
and 60 ppm of P. The groups inoculated with 2 g of R. zrregularis were statically similar, with
61.42, 66.02, and 83.54 cm” for the increasing P treatments (Figure 3b). Finally, in the group of
plants fertilized with 5 g of inoculum, the group with the highest leaf area (101.19 cm?) received
60 ppm of P fertilization. However, this value was not significantly different from the 30 ppm
treatment (85.42 cm”®). The increase in leaf area has been reported in Psidinm guajava by Quifiones-
Aguilar et al. (2020) in plants inoculated with a consortium of AMF. However, in C. papaya
inoculated with Rhzzophagus intraradices, no difference was observed in the leaf area compared to
the non-inoculated plants (Quifiones-Aguilar et al., 2019).
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Figure 3. Leaf variables in C. papaya plants treated with R. Zregularis and different P
concentrations under greenhouse conditions. A. Leaf area index. B. Number of leaves. Means
are represented by vertical bars; different P treatments are colored differently, lines on each bar
indicate the standard error, and Tukey’s test (p < 0.05) groups are shown with different letters
above the bars.

Source: Prepared by the authors.

Root Variables

Among the variables measured in the root, the results showed no statistical differences regarding
root length in any treatments applied (Figure 4a). This contrasts with the results of Alaya et al.
(2021a) in maize, where the plants inoculated had a higher root length than the non-inoculated
plants. Nevertheless, significant differences were observed in the fresh weight and
mycorrhization results (Figures 4b and 4c). Both the P treatments and inoculum addition were
related to increases in the root mass compared to the control (4.50 g), and in the plants not
inoculated with R. zrregularis, the application of P increased the fresh weight to 12.01 and 11.55
g. The groups that were inoculated showed an increase in the root fresh weight (Figure 4b), with
the 30 and 60 ppm P fertilization having the highest values in the plants inoculated with 2 (19.59
and 20.92 g, respectively) and 5 g (23.15 g and 25.38 g, respectively). However, Tukey’s test (p <
0.05) did not show statistical differences among these treatments (Figure 4b). The increase in
root weight in this research contrasts with the findings of Quifiones-Aguilar et al. (2019) in C.
papaya, where no differences were observed in the plants treated with different AMF inocula.
However, different authors have reported that inoculation increases root weight in plants such
as S. heopersicurn (Ramos Otiniano et al., 2021) or P. guajava (Quinones-Aguilar et al., 2020).
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Regarding mycorrhization, the application of R. zmegularis inoculum induced significant
differences among treatments (Figure 4c). The mycorrhization percentage was statistically similar
in plants treated with 2 g of inoculum and 0, 30, or 60 ppm of P (52.79, 42.67, and 46.67 %).
Nonetheless, the plants treated with 5 g of inoculum showed significantly higher levels of
mycorrhization (66.00, 67.33, and 62.00 %). In this group of plants, P application did not cause
a statistically significant difference among treatments (Figure 4c). Though not statistically
significant, a slight decrease in mycorrhization percentage (62.00 %) was observed in the plants
treated with 60 ppm of P.
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Figure 4. Root variables in C. papaya plants treated with R. irregularis and different P
concentrations under greenhouse conditions. a. Root length. b. Root fresh weight. c.
Mycorrhization percentage. Means are represented by vertical bars; different P treatments are
colored differently, lines on each bar indicate the standard error, and Tukey’s test (p < 0.05)
groups are shown with different letters above the bars.

Source: Prepared by the authors.

In this research, the P and R. irregularis treatments gradually increased the growth parameters
taken into consideration. Even though P is known to negatively impact the establishment of the
appropriate symbiosis with AMF, as reported by different studies (Higo et al., 2020), the results
herein do not show a reduction in the mycorrhization percentage related to increased P
fertilization (Figures 1, 2, 3, and 4). This might be related to the P requirements that C. papaya
plants have during the first stages of growth (Vos & Arancon, 2020). In these stages, the high P
required by the plants might have been provided by a combination of both P fertilization and K.
Zrregularis inoculation, which can further increase the P availability. It is also important to note
that there did not seem to be any interaction between the two factors used in this research.
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However, the shoot and leaf parameters show that the plants inoculated with 5 g of AMF R.
irregularis expressed similar results for the 30 and 60 ppm P fertilization. Therefore, in large-scale
management, a combination of 5 g inoculum and 30 ppm P fertilization would be optimal to
save production costs and obtain the highest growth.

Pearson Correlations

Pearson’s linear correlation test assessed the correlation between the growth variables and two
factors (R. irregularis inoculum and P fertilization; Figure 5). According to this test, there were
different significance levels based on the 5% probability t-test. Therefore, the correlation
analysis shows a positive and significant relationship between AMF colonization (mycorrhization
percentage), number of leaves (0.42), and shoot diameter (0.42). Likewise, this result was
observed among different variables, including the number of leaves, shoot diameter (0.79), shoot
length (0.68), shoot fresh weight (0.73), root fresh weight (0.73), shoot dry weight (0.80), and
LAT (0.59); among shoot diameter, shoot length (0.69), shoot fresh weight (0.77), root fresh
weight (0.74), shoot dry weight (0.84) and LAI (0.67); among shoot length, shoot fresh weight
(0.90), root fresh weight (0.80), shoot dry weight (0.89) and LAI (0.78); among shoot fresh
weight, root fresh weight (0.79), shoot dry weight (0.96) and LAI (0.86); among root fresh
weight, shoot dry weight (0.87) and LLAI (0.69), and finally, between shoot dry weight and LAI
(0.80).
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Figure 5. Pearson’s correlation coefficients for the variables evaluated in C. papaya cv. Marel
plants treated with R. zrregularis and P fertilization. * indicates significance: p < 0.05; ** p < 0.01;
*#*% p < 0.001. DT: shoot diameter, L'T: shoot length, LR: root length, PFT: shoot fresh weight,
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PFR: root fresh weight, PST: shoot dry weight, IAF: leaf area index, M: mycorrhization
percentage, n.s.: no significant correlation.
Source: Prepared by the authors.

The positive correlation results among AMF colonization, number of leaves, and shoot diameter
(Figure 5) agree with the results of Quifiones-Aguilar et al. (2020). They found that native AMF
inoculation in P. gnajava significantly increased plant growth, demonstrated by a higher leaf count
and shoot diameter than a commercial AMF product. Likewise, Cristobal-Alejo et al. (2022)
research in_Annona muricata reports that an AMF-based consortium including (Glomus ambisporum,
G. pustulatum, Claroideoglonus claroideum, Funneliformis geosporum, and Awmbispora gerdemannii)
increased shoot height, diameter and number of leaves. On the other hand, the strong positive
correlation reported by Schober et al. (2018), among other growth parameters, might be related
to the positive effects in the absorption observed in different crops (Aranguren et al., 2020).
These positive correlations have also been noted in different studies, including Chenchouni et
al. (2020) research, in which positive, moderate, and strong correlations among morphometric
variables and inoculation of commercial and native AMF were found in Olea enrgpaea plants.
Among fruit plants, different investigations show similar results obtained in Awnanas comosus,
Coffea arabiga, and 8. lycopersicum plants, increasing both the vegetative growth and fruit yield (Higo
et al., 2020; Moreira et al.,, 2019; Trejo et al.,, 2021). However, the amount of P fertilization
utilized has to be carefully calculated to avoid colonization inhibition due to AMF being sensitive
to high P levels (Saheed & Darwesh, 2021; Trejo et al., 2021; Yazici et al., 2021).

This research details the effects of P fertilization and AMF inoculation on C. papaya during the
acclimatization phase under greenhouse conditions. However, there are several limitations to
this study. Firstly, this study was performed under greenhouse conditions, where environmental
factors such as temperature and humidity are controlled, which does not happen in
agroecosystems. Secondly, in this study, only one AMF species has been evaluated, whereas, in
nature, several species could potentially interact with R. 7rregularis and affect the development of
mycorrhization. Finally, the substrate was sterile, and different soil types can significantly affect
the development of fungi. To address these limitations, further research needs to be done under
field conditions to examine how the interaction between plants, AMFs, and P fertilization could
be affected by environmental factors such as humidity, temperature, soil type, and the presence
of different microbiota species to contribute to the development of sustainable papaya
cultivation systems.

Conclusion

Rhbizophagus irregularis inoculation and P fertilization significantly increased Carica papaya L. growth
under greenhouse conditions after the acclimatization stage for 45 days of treatment. The
increase in growth was higher in the shoot and leaf variables and in the root fresh weight when
plants were treated with 5 g R. irvegularis inoculum and 30 or 60 ppm of P. These findings
demonstrate that the P levels used in this research did not negatively impact mycorrhization
percentage, and this absence of negative interaction was beneficial for C. papaya growth under
greenhouse conditions.
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