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Abstract
Specific treatments can improve and hasten the growth of amaryllis seedlings. In the present study, hybrid seedlings of amaryllis were sprayed with 0.5 
and 1 g of nano-phosphorus (Nano-P) and inoculated with 20 and 40 g of arbuscular mycorrhizal fungi (AMF) alone or in combination. Nano-P alone 
significantly affected root number, with the maximum value at 0.5 g, but 1 g improved chlorophyll a and b contents. Most chemical contents in roots, 
bulbs, and leaves were enhanced by Nano-P, whereas reductions were found in root flavonoids and leaf soluble sugars. AMF applications significantly 
influenced growth traits, with 20 g yielding the maximum root number, bulb weight and size, and leaf dimensions. Generally, AMF declined root 
chemicals while improving bulb and leaf chemicals, especially at 20 g, but 40 g rose chlorophyll b and carbohydrates. Moreover, more pronounced 
and variable effects were observed owing to the interaction between Nano-P and AMF than individual applications. The highest root number, root total 
proteins, root total carbohydrates, root soluble sugar, bulb soluble sugar, leaf soluble sugar, and root total phenols were recorded due to Nano-P at 0.5 g 
combined with 0 g AMF. The combination of 20 g AMF resulted in the maximum leaf length, bulb weight, and bulb size. Additionally, the highest leaf 
width, bulb total protein, and root total indoles were obtained at the combination of 0.5 g phosphorus and 20 g of mycorrhizae. Overall, moderate levels 
of Nano-P and AMF, particularly their combination at 0.5 g and 20 g, respectively, produced optimal growth and metabolic performance. 
Keywords: Bulb, Hippeastrum vittatum, leaf, phytochemicals, root.

Resumo
Tratamentos específicos podem favorecer e acelerar o crescimento de mudas de amarílis. No presente estudo, mudas híbridas de amarílis foram 
pulverizadas com 0,5 e 1 g de nanofósforo (Nano-P) e inoculadas com 20 e 40 g de fungos micorrízicos arbusculares (FMA), isoladamente ou em 
combinação. O Nano-P aplicado isoladamente, afetou significativamente o número de raízes, com o valor observado na dose de 0,5 g, enquanto 1 g 
promoveu maiores teores de clorofila a e b. A maioria dos constituíntes químicos das raízes, dos bulbos e das folhas foi aumentada pelo Nano-P, enquanto 
reduções foram observadas nos flavonoides radiculares e nos açúcares solúveis das folhas. As aplicações de FMA influenciaram significativamente as 
características de crescimento, e 20 g proporcionaram os maiores valores para número de raízes, peso e tamanho dos bulbos, além das dimensões 
foliares. De modo geral, os FMA reduziram os constituíntes químicos das raízes, ao mesmo tempo que melhoraram os contituíntes químicos dos bulbos 
e das folhas, especialmente na dose de 20 g, entretanto, 40 g aumentaram a clorofila b e os carboidratos. Além disso, observou-se que a interação entre 
Nano-P e FMA produziu efeitos mais pronunciados e variáveis do que as aplicações isoladas. O maior número de raízes, proteínas totais, carboidratos 
totais, açúcares solúveis e fenóis totais nas raízes, bem como açúcares solúveis nos bulbos e nas folhas, foi registrado na combinação de 0,5 g de Nano-P 
com 0 g de FMA. A combinação com 20 g de FMA resultou no maior comprimento foliar, peso e tamanho do bulbo. Além disso, a maior largura foliar, 
proteína total do bulbo e indóis totais das raízes foram obtidos com a combinação de 0,5 g de fósforo com 20 g de micorrizas. De modo geral, níveis 
moderados de Nano-P e FMA, especialemente a combinação de 0,5 g e 20 g, respectivamente, proporcionaram o melhor desempenho de crescimento 
e metabólico.
Palavras-chave: Bulbo, fitoquímicos, folha, Hippeastrum vittatum, raiz. 
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Introduction
The genus Hippeastrum from the Amaryllidaceae family includes 

nearly 90 species, which are commonly called “amaryllis” in English (Shao 
et al., 2025). In the past two centuries, over 1000 cultivars of Hippeastrum 
have been produced worldwide (Meerow, 2014). Hippeastrum vittatum is 
the top species that is widely cultivated for its attractive colorful flowers 
(Khan and Srivastava, 2024). It is a robust and captivating bulb flower 
that provides both ornamental value and possible medicinal advantages. 
Moreover, this species belongs to tropical and subtropical regions of 
South America and is naturally found in Peru and Bolivia (Datta, 2022). 
Well-drained loamy soil that is rich in organic matter with a pH range of 
6-7 is ideal for amaryllis growing, whereas it can adapt to various types 
of soil (Thakur et al., 2023). Regarding light requirements, bright and 
indirect sunlight is favorable for this bulbous flower to thrive, but direct 
sunlight will cause leaf and flower scorch. Despite this, specific treatments 
will improve and hasten the growth of the amaryllis seedlings. In the last 
decade, plant growth and quality parameters have been heightened via 
application of nano-fertilizer with greater efficiency and lower costs 
(Meena et al., 2017).

Phosphorus (P) is the least available nutrient among the 
macronutrients, and the majority farmlands suffer from P deficiency 
(Basavegowda and Baek, 2021). As a solution, P has been applied as 
a nano-encapsulated form, and consequently significant high growth 
traits, better phytochemical contents, and high photosynthetic activity 
were recorded (Miranda-Villagómez et al., 2019). P is a prerequisite for 
many biological pathways and structural components of plants, such as 
energy metabolism, phosphorylation and dephosphorylation processes, 
and synthesis of DNA and RNA along with membrane structures 
(Raghothama, 2005). The studies shed light on the effects of NPK on the 
growth and flowering of amaryllis rather than the single effects of nutrient 
elements, particularly P. In spite of fertilizer treatments, inoculating 
ornamental plants with arbuscular mycorrhizae fungi (AMF) will upgrade 
plant growth and development as a result of a variety of impacts including 
soil structure improvement, mobilization of minerals, elevating nutrient 
element absorption, increasing resistance to biotic and abiotic stresses, 
and protection plants from pathogens (Ali et al., 2015). Whereas research 
investigating the combined effects of AMF and nano-phosphorus (nano-P) 
on the growth and development of amaryllis (Hippeastrum) is currently 
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lacking. Additionally, Crişan et al. (2017) suggested the certainty of taking 
advantage of the interested plant from the applied inoculum as a fundamental 
point during using AMF. P as orthophosphate P (Pi), more specifically as 
H2PO4

-, is obtained from the soil by root and mycorrhizal fungi (Preuss et 
al., 2011). Pi that is beyond the root depletion zone in the soil solution can 
be accessed by mycorrhizal and ectomycorrhizal plants (Lambers, 2022). 
AMF allow the plants to uptake P when the P level is low in the soil, and it 
might help internal redistribution of the P that is taken up owing to nano P 
spray (Etesami et al., 2021). However, when high P is available to the plants 
(lots of foliar P or soil P), plants do not take advantage of mycorrhizae, and 
the growth of the mycorrhizae plants is similar or diminished compared to 
non-mycorrhizae plants (Steidinger, 2025). High P availability can inhibit 
mycorrhizal symbiosis because plants favorably depend on direct phosphate 
uptake, decreasing carbon allocation to fungal associates. The prevention 
of AMF root colonization was observed in an experiment at high P levels 
by changing host signals and declining fungal attachment (Balzergue et 
al., 2013). The present study aims to investigate the influence of spraying 
phosphorus nano fertilizer and mycorrhizae inoculation on growth and 
phytochemical contents of 1-year-old hybrid seedlings of amaryllis.

Materials and methods
This indoor study was performed at the College of Agricultural 

Engineering Sciences, University of Sulaimani, Kurdistan region, Iraq 
to indicate the effects of phosphorus nano fertilizer and mycorrhizae 
treatments on growth and phytochemical composition of 1-year-old 
hybrid seedlings of amaryllis.

Production of the hybrid seeds
Amaryllis flowers are protandrous; thus, hybrid seeds were produced 

by crossing the White cream variety as the female with the Minerva 
variety as the male. The flowers of both varieties start to open April 18. 
Once the White cream flowers opened, they were soon emasculated. After 
three days, precisely on April 21, the stigmas generated evident exudates, 
suggesting they were mature and ready for pollination. At this stage, the 
pollen grains from the Minerva variety were used to complete the cross. 
The hybrid seeds developed normally and reached maturity in late May, as 
the capsules naturally dehisced and released the seeds.

Seed germination and the seedling treatments 
At the outset, the hybrid seeds were geminated in water on August 24, 

2023, and the germinated seeds at radicle emerging stage were transplanted 
to seeds trays filled with peat moss medium on October 9, 2023 inside a 
partially controlled glasshouse. Once again, the seedlings were transplanted 
to peat moss medium in small pots with 10 cm width and 8 cm depth on 
October 24, 2023 in the same glasshouse. For treatment the seedlings with 
arbuscular mycorrhizae fungi (Glomus mosseae), the seedlings were cleaned 
form the peat moss medium, and pots (850 mL) filled with a mixed medium 
(1:1:1 soil+sand+sheep manure) with a weight of 845.23 g, then the media 
surface was holed in such a way that allow to accommodate all the roots, put 
20 g or 40 g mycorrhizae in the holes, and finally the amaryllis seedlings were 
planted on December 27, 2024 in the same greenhouse. The spore density of 
the AMF was ranging from 48 to 49 spores per gram. The phosphorus nano 
fertilizer (chelate phosphorus P2O5, particle size 20-40 nm, purity 98%-99%) 
was sprayed with 20 days interval at two concentrations (0.5 and 1 g L-1), 
started on January 21, 2025 and repeated until August 17, 2025. The average 
night and day temperatures inside the glasshouse were 18.7-37.6 ºC during 
the study. Also, the light intensity inside the greenhouse was between 15 and 
60 klx; the greenhouse was whitewashed for June, July, August, September, 
and October. The experiment was laid out in a randomized complete block 
design (RCBD) with three replicates and 3 seedlings per replicate.  The 
seedlings were maintained until August 17, 2025, and on this date the 
seedlings were checked to record the measurements.

Phytochemical quantifications
To determine the phytochemicals, the samples of leaf, bulb, and roots 

were collected and ground in liquid nitrogen, then the samples were stored 
at -20 ºC until the time of the quantifications.

Chlorophylls
The ground leaf samples were weighed at 0.4 g and extracted in 

1.4 mL of 90% acetone and allowed to stand overnight, and 800 µL of 

the supernatant was once again mixed with 4 mL of 90% acetone. The 
quantification was continued according to Mohammed et al. (2020a).

Total Protein
The total protein was determined using Bradford reagent as described 

by He (2011).

Total carbohydrates
Total carbohydrates were quantified via the phenol-sulfuric acid 

method as detailed by Albalasmeh et al. (2013).

Total soluble sugars
For quantification of soluble sugars, anthrone-sulfuric acid reagent 

was used (Mohammed and Noori, 2025).

Starch
The starch content of the plant organs was measured using iodine 

reagent by practicing the method elaborated by Jarvis and Walker (1993).

Total phenols and flavonoids
The two phytochemicals were tested in the plant organ samples 

according to Lateef et al. (2021).

Total indoles
For total indole determination, Salkowski reagent was applied 

(Glickmann and Dessaux, 1995; Mohammed et al., 2020b).

Statistical analysis
The seedlings were checked on August 17, 2025, to measure the 

parameters. The parameters were root number, root length, bulb weight, 
bulb size (found via measuring the raised water in a cylinder) leaf number, 
leaf length, and leaf width (in the middle of the leaf). Also, samples of 
leaf, bulb, and root were collected and frozen at -20 ºC until the time 
of phytochemical analysis. The collected data were analyzed in two-way 
ANOVA using the XLSTAT computer program, and the means were 
compared according to Duncan’s multiple range test (p ≤ 0.05).

Results
The impact of phosphorous nano-fertilizer (Nano-P) was only 

significant on root number (Table 1), with the highest (15.92) at 0.5 g in 
comparison to the control (14.37) and 1 g (13.55). Chlorophyll quantity 
was enhanced, with the maximum chlorophyll a (220.97 µg g-1) and b 
(112 µg g-1) at 1 g Nano-P. The majority of root, bulb, and leaf chemicals 
were significantly affected. The peak values of root total carbohydrates 
(137.95 µg g-1), starch (0.37 mg g-1), soluble sugars (148.73 µg g-1), 
and total indoles (13.31 µg g-1) were recorded at 1 g Nano-P. Root total 
proteins (0.52 mg g-1) and total phenols (1.24 mg g-1) were the highest at 
0.5 g Nano-P. In bulbs, 0.5 g Nano-P showed the maximum starch (1.16 
mg g-1), soluble sugars (186.12 µg g-1), total phenols (2.16 mg g-1), total 
flavonoids (18.31 µg g-1), and total indoles (39.42 µg g-1). Nano-P at 1 g 
was the best level for leaf total proteins (0.81 mg g-1) and total indoles 
(22.75 µg g-1), but Nano-P at 0.5 g increased leaf total carbohydrates 
(93.78 µg g-1) and total phenols (1.52 mg g-1). Nano-P levels decreased 
root total flavonoids, root total proteins, and leaf soluble sugars and had 
no significant effect on the rest of the other morphological and chemical 
traits of the root, bulb, and leaf. 

Arbuscular mycorrhizae fungi (AMF) doses significantly impacted 
morphological traits (Table 1), with the maximum root number (15.12), 
bulb weight (2.44 g), bulb size (2.53 cm3), and leaf width (1.47 mm) at 
20 g. AMF doses decreased chlorophyll a but increased chlorophyll b at 
40 g (90.67 µg g-1). Generally, AMF lowered root chemicals, except total 
indoles, which were the highest (15.86 µg g-1) at 20 g. The highest bulb 
total proteins (1.13 mg g-1), total phenols (2.01 mg g-1), total flavonoids 
(17.81 µg g-1), and total indoles (36.34 µg g-1) were found at 20 g AMF, 
While AMF at 40 g improved bulb total carbohydrates (158.75 µg g-1) 
and total phenols (2.02 mg g-1). A reduction in bulb starch and soluble 
sugars was observed due to AMF doses. Leaf total proteins (0.77 mg g-1), 
soluble sugars (116.30 µg g-1), and total indoles (21.34 µg g-1) at 20 g 
AMF and leaf total carbohydrates (98.33 µg g-1) at 40 g were increased. 
Leaf total phenols declined at AMF doses, and some other parameters 
remained unaffected. 
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Measurements
Phosphorous nano-fertilizer Arbuscular mycorrhizae fungi

0 g 0.5 g 1 g 0 g 20 g 40 g

M
orphology and C

hlorophyll

Root number 14.37 b 15.92     a 13.55 b 15.11 a 15.12 a 13.63 b

Root length (cm) 11.53 a 11.21 a 12.03 a 10.88 a 11.99 a 11.91 a

Bulb weight (g) 2.24 a 2.24 a 1.89 a 1.88 b 2.44 a 2.05 b

Bulb size (cm3) 2.11 a 2.17 a 2.04 a 1.76 b 2.53 a 2.03 ab

Leaf number 3.74 a 3.69 a 3.81 a 3.66 a 3.85 a 3.74 a

Leaf length (cm) 30.27 a 28.25 a 28.49 a 27.41 a 30.52 a 29.08 a

Leaf width (cm) 1.31 a 1.36 a 1.35 a 1.24 b 1.47 a 1.31 b

Chlorophyll a (µg g-1) 163.26 b 137.24 c 220.97 a 189.50 a 167.57 b 164.41 c

Chlorophyll b (µg g-1) 76.75 b 78.56 b 112.00 a 89.25 ab 87.41 b 90.67 a

R
oot chem

icals

Total proteins (mg g-1) 0.44 b 0.52 a 0.34 c 0.56 a 0.26 c 0.49 b

Total carbohydrates (µg g-1) 123.95 c 131.80 b 137.95 a 141.83 a 125.47 b 126.41 b

Starch (mg g-1) 0.34 c 0.35 b 0.37 a 0.38 a 0.34 c 0.34 b

Soluble sugar (µg g-1) 133.40 c 142.62 b 148.73 a 152.79 a 135.30 b 136.68 b

Total phenols (mg g-1) 1.16 b 1.24 a 1.04 c 1.21 a 1.15 b 1.09 c

Total flavonoids (µg g-1) 20.46 a 17.67 b 17.71 b 19.91 a 18.50 b 17.44 c

Total indoles (µg g-1) 12.93 b 12.77 b 13.31 a 9.31 c 15.86 a 13.86 b

B
ulb chem

icals

Total proteins (mg g-1) 0.96 a 0.87 b 0.80 c 0.74 c 1.13 a 0.76 b

Total carbohydrates (µg g-1) 111.09 b 150.61 a 152.98 a 126.98 b 128.97 b 158.75 a

Starch (mg g-1) 0.86 c 1.16 a 1.02 b 1.10 a 0.96 c 0.99 b

Soluble sugar (µg g-1) 154.92 c 186.12 a 176.54 b 182.50 a 154.52 c 180.57 b

Total phenols (mg g-1) 1.84 b 2.16 a 1.75 c 1.74 b 2.01 a 2.02 a

Total flavonoids (µg g-1) 14.34 b 18.31 a 15.02 b 14.79 b 17.81 a 15.07 b

Total indoles (µg g-1) 24.17 c 39.42 a 38.31 b 32.48 b 36.34 a 33.10 b

Leaf chem
icals

Total proteins (mg g-1) 0.63 b 0.62 c 0.81 a 0.57 c 0.77 a 0.72 b

Total carbohydrates (µg g-1) 92.94 b 93.78 a 90.95 c 89.53 b 89.82 b 98.33 a

Starch (mg g-1) 0.11 a 0.10 a 0.1 a 0.10 a 0.10 a 0.10 a

Soluble sugar (µg g-1) 122.02 a 117.09 b 107.01 c 115.87 ab 116.30 a 113.94 b

Total phenols (mg g-1) 1.36 b 1.52 a 1.32 c 1.60 a 1.36 b 1.25 c

Total flavonoids (µg g-1) 9.12 a 13.78 a 15.84 a 12.55 a 11.87 a 14.34 a

Total indoles (µg g-1) 13.22 c 17.63 b 22.75 a 14.40 c 21.34 a 17.87 b

Table 1. Single effect of phosphorous nano-fertilizer and arbuscular mycorrhizae fungi levels on morphological traits and chemicals of the root, bulb, 
and leaf of amaryllis

 The analysis of data in Table 2 illustrates that different levels 
of phosphorus nano fertilizer and mycorrhizae resulted in significant 
differences in root number, bulb weight and size, leaf length, and leaf 
width of the amaryllis seedlings compared to control seedlings. More 
specifically, spraying of nano-phosphorus at 0.5 (Nano-P 0.5 g) and 
its combination with mycorrhizae at 20 g (Nano-P 0.5 g + AMF 20 g) 
improved root numbers (17.21 and 16.99, respectively) in comparison 
to the control seedlings (Fig. 1). Whereas, the other treatments were not 
significantly different from the control seedlings; the control seedlings 
had 13.88 roots, and the combination of 1 g of nano-phosphorus with 40 g 
of mycorrhizae (Nano-P 1 g + AMF 40 g) showed the lowest root number 
(12.88). Furthermore, single dose of mycorrhizae at 20 g (AMF 20 g) 

and Nano-P 0.5 g + AMF 20 g resulted in the highest bulb weights (2.81 
and 2.70 g) and bulb sizes (2.90 and 2.68 cm3), respectively. Bulb weight 
(1.52 g) and size (1.26 cm3) were the lowest in the control seedlings. 
Regarding the longest leaf (33.88 cm), AMF 20 g was the best treatment, 
but the combination of nano-phosphorus at 0.5 g and mycorrhizae at 40 
g (Nano-P 0.5 g + AMF 40 g) exhibited the shortest leaf (25.25 cm), 
and leaf length in control seedlings was also short (26.61 cm) similar to 
the shortest leaves. Moreover, two peak values of leaf width (1.48 and 
1.49 cm) were recorded at AMF 20 g and Nano-P 0.5 g + AMF 20 g, 
respectively. The control seedlings had the narrowest leaves (1.11 cm). 
Besides, the treatments did not produce significant differences in root 
length and leaf number of the seedlings.

Means with the same letter in the same row explain no significant difference based on Duncan’s multiple range test (p ≤ 0.05).
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Treatments Root Nº. Root length 
(cm)

Bulb 
weight (g)

Bulb size 
(cm3) Leaf Nº. Leaf length 

(cm)
Leaf width 

(cm)
Control 13.88 c 10.80 a 1.52 d 1.26 c 3.55 a 26.61 bc 1.11 c

Nano-P 0 g + AMF 20 g 14.77 bc 12.39 a 2.81 a 2.90 a 3.99 a 33.88 a 1.48 a
Nano-P 0 g + AMF 40 g 14.44 c 11.40 a 2.40 abc 2.15 abc 3.66 a 30.31 abc 1.33 ab
Nano-P 0.5 g + AMF 0 g 17.21 a 10.74 a 2.30 abc 2.03 abc 3.88 a 29.56 abc 1.35 ab

Nano-P 0.5 g + AMF 20 g 16.99 ab 11.30 a 2.70 ab 2.68 ab 3.88 a 29.95 abc 1.49 a
Nano-P 0.5 g + AMF 40 g 13.55 c 11.59 a 1.70 cd 1.80 bc 3.33 a 25.25 c 1.25 bc

Nano-P 1 g + AMF 0 g 14.22 c 11.09 a 1.80 cd 1.99 abc 3.55 a 26.05 bc 1.26 bc
Nano-P 1 g + AMF 20 g 13.55 c 12.26 a 1.79 cd 1.99 abc 3.66 a 27.73 bc 1.44 ab
Nano-P 1 g + AMF 40 g 12.88 c 12.73 a 2.05 bcd 2.13 abc 4.21 a 31.68 ab 1.34 ab

Table 2. Some characteristics of the root, bulb, and leaf of amaryllis hybrid seedlings under the combination effects of different concentrations of nano-
phosphorus and mycorrhizae

Nano-P: nano-phosphorus fertilizer    AMF:  arbuscular mycorrhizae fungi (Glomus mosseae)
Means with the same letter in the same column explain no significant difference based on Duncan’s multiple range test (p ≤ 0.05).

Figure 2 explains that the combinations of 1 g of nano-phosphorus 
with 40 g and 20 g of mycorrhizae (Nano-P 1 g + AMF 40 g and Nano-P 
1 g + AMF 20 g) significantly increased chlorophyll a (225.18 and 224.90 
µg g-1) and b (114.30 and 109.17 µg g-1), respectively, compared to the 

control seedlings and the rest seedlings under the other treatments. While 
Nano-P 0.5 g + AMF 40 g diminished chlorophyll a (101.35 µg g-1) and b 
(61.42 µg g-1), even more than the control seedlings.  

Fig. 1. The hybrid seedlings of amaryllis that were under a) control, b) nano-phosphorus at 0.5 g, c) mycorrhizae at 20 g, and d) the combination 
of nano-phosphorus at 0.5 g and mycorrhizae at 20 g treatments.
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Fig. 2. The impact of combined levels of nano-phosphorus and mycorrhizae on chlorophylls of hybrid seedling of amaryllis. Bars indicate means 
± standard error. NanoP: nano-phosphorus and AMF: arbuscular mycorrhizae fungi. Bars of the same chlorophyll with the same letter under different 

treatments explain no significant difference based on Duncan’s multiple range test (p ≤ 0.05).

The results in Table 3 revealed significant variations in the chemical 
contents of the roots of amaryllis hybrid seedlings as a result of the interaction 
between nano-phosphorus and mycorrhizae at certain levels compared to 
the control. On the other hand, certain treatments decreased the chemicals 
in the roots lower than in the control seedlings. Accordingly, Nano-P 0.5 g + 
AMF 0 g) increased total proteins (0.67 mg g-1), total carbohydrates (146.27 
µg g-1), soluble sugar (158.46 µg g-1), and total phenols (1.31 mg g-1) to the 
highest values. Nano-P 1 g + AMF 0 g was similar to Nano-P 0.5 g +AMF 
0 g in total carbohydrates, and it showed the highest starch (0.40 mg g-1) as 
well. The control seedlings had the highest total flavonoids (21.74 μg g-1) in 

their roots. Nano-P 1 g + AMF 40 g and Nano-P 0.5 g + AMF 20 g similarly 
showed the maximum total indoles (17.87 and 17.64 µg g-1), respectively. 
Conversely, treatment with Nano-P 0 g + AMF 40 g and Nano-P 0.5 g + 
AMF 20 g comparably diminished total carbohydrates (116.77 and 117.05 
µg g-1), starch (0.32 and 0.32 mg g-1), and soluble sugar (125.84 and 126.55 
µg g-1), respectively. The lowest total proteins (0.19 mg g-1), total phenols 
(1.00 mg g-1), total flavonoids (14.61 µg g-1), and total indoles (7.22 µg g-1) 
were recorded in the roots of amaryllis seedlings owing to Nano-P 1 g + 
AMF 20 g, Nano-P 1 g + AMF 40 g, Nano-P 0.5 g + AMF 40 g, and Nano-P 
1 g + AMF 0 g treatments, respectively.

Treatments
Total 

proteins (mg 
g-1)

Total 
carbohydrates  

(µg g-1)
Starch  
(mg g-1)

Soluble 
sugar  

(µg g-1)
Total phenols 

(mg g-1)
Total 

flavonoids  
(µg g-1)

Total 
indoles  
(µg g-1)

Control 0.65 b 131.23 c 0.35 e 140.73 bc 1.24 b 21.74 a 8.15 e

Nano-P 0 g + AMF 20 g 0.28 h 123.86 d 0.33 f 133.64 cd 1.14 cd 19.55 bc 15.09 c

Nano-P 0 g + AMF 40 g 0.39 e 116.77 e 0.32 g 125.84 d 1.10 de 20.10 abc 15.56 b

Nano-P 0.5 g + AMF 0 g 0.67 a 146.27 a 0.39 b 158.46 a 1.31 a 20.92 ab 12.55 d

Nano-P 0.5 g + AMF 20 g 0.31 g 117.05 e 0.32 g 126.55 d 1.23 b 17.49 d 17.64 a

Nano-P 0.5 g + AMF 40 g 0.59 c 132.09 c 0.36 d 142.86 b 1.18 bc 14.61 e 8.15 e

Nano-P 1 g + AMF 0 g 0.35 f 147.97 a 0.40 a 159.17 a 1.07 e 17.08 d 7.22 f

Nano-P 1 g + AMF 20 g 0.19 i 135.49 b 0.37 c 145.70 b 1.08 e 18.45 cd 14.86 c

Nano-P 1 g + AMF 40 g 0.48 d 130.38 c 0.35 e 141.32 bc 1.00 f 17.63 d 17.87 a

Table 3. Some chemical contents in the roots of amaryllis hybrid seedlings under the combined effects of different concentrations of nano-phosphorus 
and mycorrhizae

Nano-P: nano-phosphorus fertilizer.   AMF:  arbuscular mycorrhizae fungi (Glomus mosseae).
Means with the same letter in the same column explain no significant difference based on Duncan’s multiple range test (p ≤ 0.05).

As indicated in Table 4, the chemical contents in the bulbs of amaryllis 
hybrid seedlings were significantly variable, and the interacted treatments 
at specific levels enhanced them in comparison to the control seedlings. 
Nano-P 0.5 g + AMF 20 g for total proteins (1.36 mg g-1) and Nano-P 1 g + 
AMF 40 g for total carbohydrates (173.22 µg g-1) were the best treatments. 
Both starch (1.34 mg g-1) and soluble sugar (231.63 µg g-1) were the 
highest at Nano-P 1 g +AMF 0 g and Nano-P 0.5 g + AMF 0 g treatments, 
respectively. The maximum total phenols (2.70 mg g-1), flavonoids (19.14 

µg g-1), and indoles (44.49 µg g-1) were found in the bulbs of the seedlings 
under Nano-P 0.5 g + AMF 40 g treatment. In contrast, the minimum 
total proteins (0.50 mg g-1) were found because of the Nano-P 0.5 g + 
AMF 40 g treatment. The bulbs of the control seedlings contained the least 
total carbohydrates (93.79 µg g-1), starch (0.78 mg g-1), and soluble sugar 
(131.75 µg g-1). The treatments of Nano-P 1 g + AMF 0 g for total phenols 
(1.49 mg g-1) and Nano-P 0 g + AMF 40 g for total flavonoids (10.91 µg 
g-1) and indoles (21.19 µg g-1) were the worst treatments. 

5/10



Growth behavior and chemical contents of amaryllis hybrid seedlings as affected by phosphorus nano-fertilizer and mycorrhizae

Ornam. Hortic., v.32, e323065, 2026

Treatments Total proteins 
(mg g-1)

Total 
carbohydrates  

(µg g-1)

Starch 
(mg g-1)

Soluble 
sugar  

(µg g-1)

Total 
phenols  
(mg g-1)

Total 
flavonoids 

(µg g-1)

Total 
indoles  
(µg g-1)

Control 0.59 h 93.79 e 0.78 i 131.75 g 1.80 de 14.20 c 23.89 e

Nano-P 0 g + AMF 20 g 1.21 b 96.34 e 0.83 g 146.76 f 2.09 b 17.90 ab 27.44 d

Nano-P 0 g + AMF 40 g 1.08 c 143.15 c 0.96 e 186.24 c 1.65 f 10.91 e 21.19 f

Nano-P 0.5 g + AMF 0 g 0.77 f 126.13 d 1.19 c 231.63 a 1.92 c 17.49 b 33.46 c

Nano-P 0.5 g + AMF 20 g 1.36 a 165.84 b 1.23 b 167.09 d 1.87 cd 18.31 ab 40.32 b

Nano-P 0.5 g + AMF 40 g 0.50 i 159.89 b 1.09 d 159.65 e 2.70 a 19.14 a 44.49 a

Nano-P 1 g + AMF 0 g 0.88 d 161.02 b 1.34 a 184.11 c 1.49 g 12.69 d 40.09 b

Nano-P 1 g + AMF 20 g 0.81 e 124.71 d 0.81 h 149.72 f 2.05 b 17.22 b 41.25 b

Nano-P 1 g + AMF 40 g 0.70 g 173.22 a 0.91 f 195.82 b 1.70 ef 15.16 c 33.61 c

Table 4. Some chemical contents in the bulbs of amaryllis hybrid seedlings under the combined effects of different concentrations of nano-phosphorus 
and mycorrhizae

Nano-P: nano-phosphorus fertilizer    AMF:  arbuscular mycorrhizae fungi (Glomus mosseae)a 
Means with the same letter in the same column explain no significant difference based on Duncan’s multiple range test (p ≤ 0.05).

Table 5 exhibits that certain interacted treatments created significant 
positive differences in chemical contents of the leaves compared to the 
control. However, specific treatments reduced the leaf chemicals more 
than in the control seedlings. Nano-P 1 g + AMF 40 g raised total proteins 
(1.37 mg g-1) but declined total phenols (0.91 mg g-1). Total carbohydrates 
were the top value (104.00 µg g-1) due to the Nano-P 0.5 g + AMF 40 g 
application, whereas total proteins under the same treatment were the lowest 
(0.36 mg g-1). Two peak values of soluble sugar (139.08 and 140.97 µg g-1) 
were observed as a result of Nano-P 0.5 g +AMF 0 g and Nano-P 0 g + AMF 

20 g treatments, respectively. Nano-P 1 g + AMF 0 g caused the highest total 
phenols (1.78 mg g-1). The greatest value of total indoles (31.91 µg g-1) and 
the least value of soluble sugar (95.34 µg g-1) were obtained at the Nano-P 
1 g + AMF 20 g treatment. In the control seedlings, total indoles were the 
minimum (12.62 µg g-1). The minimum values of total carbohydrates (80.17 
µg g-1) and total phenols (0.91 mg g-1) were quantified at Nano-P 0.5 g + 
AMF 0 g and Nano-P 1 g + AMF 40 g treatments, respectively. Besides, 
the effects of the applied treatments were insignificant on starch and total 
flavonoids in the leaves of amaryllis hybrid seedlings.

Treatments
Total 

proteins (mg 
g-1)

Total 
carbohydrates 

(µg g-1)

Starch  
(mg g-1)

Soluble sugar  
(µg g-1)

Total phenols 
(mg g-1)

Total 
flavonoids 

(µg g-1)

Total indoles 
(µg g-1)

Control 0.65 f 100.60 b 0.10 a 114.02 c 1.44 d 9.67 a 12.62 h

Nano-P 0 g + AMF 20 g 0.79 c 83.57 f 0.13 a 140.97 a 1.43 de 7.20 a 14.17 f

Nano-P 0 g + AMF 40 g 0.43 g 94.64 d 0.10 a 111.06 c 1.21 g 10.49 a 12.86 h

Nano-P 0.5 g + AMF 0 g 0.66 e 80.17 g 0.12 a 139.08 a 1.56 c 13.37 a 13.55 g

Nano-P 0.5 g + AMF  20 g 0.86 b 97.19 c 0.10 a 112.60 c 1.39 e 11.32 a 17.95 d

Nano-P 0.5 g + AMF 40 g 0.36 i 104.00 a 0.09 a 99.60 d 1.63 b 16.67 a 21.42 b

Nano-P 1 g+ AMF 0 g 0.40 h 87.83 e 0.09 a 94.52 e 1.78 a 14.61 a 17.02 e

Nano-P 1 g + AMF 20 g 0.67 d 88.68 e 0.09 a 95.34 e 1.27 f 17.08 a 31.91 a

Nano-P 1 g + AMF 40 g 1.37 a 96.34 c 0.12 a 131.16 b 0.91 h 15.84 a 19.34 c

Table 5. Some chemical contents in the leaves of amaryllis hybrid seedlings under the combined effects of different concentrations of nano-phosphorus 
and mycorrhizae

Nano-P: nano-phosphorus fertilizer    AMF:  arbuscular mycorrhizae fungi (Glomus mosseae)
Means with the same letter in the same column explain no significant difference based on Duncan’s multiple range test (p ≤ 0.05)

Figure 3 shows how different treatment groups cluster according to 
their measured parameters and their position related to PCA1 and PCA2. 
PCA1 loaded 30.34% of the variance and PCA2 18.58%. At the positive 
sides of both PCAs, AMF 20 g with leaf soluble sugar (LSS), leaf starch 
(LSt), bulb weight (BW), leaf length (LL), and bulb total proteins (BTPr) 
positively associated but negatively with leaf total carbohydrate (LTC), bulb 
total indoles (BTI), leaf total flavonoids (LTF), bulb total carbohydrates 
(BTC), leaf total indoles (LTI), and chlorophyll a (Chl a) and b (Chl b). 
Nano-P 0.5 g + AMF 20 g at positive side of PCA1 and negative side of 

PCA2 favorably assembled with LL, BTPr, bulb size (BZ), leaf number 
(LN), leaf width (LW), root total indoles (RTI), and leaf total proteins 
(LTPr). The latter two treatments were at negative connection with root 
total phenols (RTP), root total proteins (RTPr), leaf total phenols (LTP), root 
total carbohydrates (RTC), root starch (RSt), root soluble sugar (RSS), bulb 
starch (BSt), and bulb total phenols (BTP). At negative sides of both PCAs, 
Nano-P 1 g + AMF 40 g and Nano-P 1 g had a positive association with 
BTP, LTC, RSS, RTC, and BSt; at the same position, Nano-P 1 g + AMF 20 
g positively liked with BTI, LTF, Chl a, LTI, BTC, and Chl b. 
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Fig. 3. Principal component analysis (PCA) biplot. Nano-P: nano-phosphorus, AMF: arbuscular mycorrhizae fungi, root length, RN: root number, 
BW: bulb weight, BS: bulb size, LN: leaf number, LL: leaflength, LW: leaf width, Chl a: chlorophyll a, Chl b: chlorophyll b, RTPr: root total proteins, 
BTPr: bulb total proteins, LTPr: leaf total proteins, RTC: root total carbohydrates, BTC: bulb total carbohydrates, LTC: leaf total carbohydrates, RSt: 
root starch, BSt: bulb starch, LSt: leaf starch, RSS: root soluble sugar, BSS: bulb soluble sugar, LSS: leaf soluble sugar, RTP: root total phenols, BTP: 

bulb total phenols, LTP: leaf total phenols, RTF: root total flavonoids, BTF: bulb total flavonoids, LTF: leaf total flavonoids, RTI: root total indoles, 
BTI: bulb total indoles, and LTI: leaf total flavonoids. 

Discussion
In the current study, the results in Table 1 indicated that Nano-P 

demonstrated a dose-dependent physiological impact, where the 
intermediate level (0.5 g) improved root number, phenol, and protein 
metabolisms. Besides, higher Nano-P (1 g) induced chlorophyll and 
carbohydrate accumulation. These results concurred with the findings 
that exhibited Nano-P fertilizers upgraded photosynthesis, metabolic 
activity, and nutrient-use efficiency through enhanced nutrient uptake and 
controlled nutrient release (Subramani and Balakrishnan, 2026). Similarly, 
inoculation with moderate AMF (20 g) heightened root morphological and 
biochemical traits, which were consistent with the results of Wu et al. 
(2024), who observed an increased plant biomass (47%) and phosphorus 
uptake (105%) by upgrading root-soil interaction and nutrient acquisition. 
The interaction of Nano-P 0.5 g + AMF 0 g, Nano-P 0 g + AMF 20 g, and 
Nano-P 0.5 g + AMF 20 g increased root, bulb, and leaf traits; the results 
of the three plant part traits were not significantly different from each 
other under the effect of those treatments (Table 2). Whereas at Nano-P 
1 g + AMF 0 g, Nano-P 0 g + AMF 40 g, and Nano-P 1 g + AMF 40 g, 
a reduction of the three plant organ traits was observed. The benefits of 
nano-phosphorus are coupled with its tiny particle size, which enlarges 
surface area and mobility, facilitating absorption efficiency through foliar 
spray or root uptake, encouraging root development, nutrient assimilation, 
and enhanced sink strength (Wang et al., 2025). Studies showed that AMF 
improves acquisition of phosphorus (providing about 80% - 90% of plant 
P), which lessens P deficiency and directly helps carbon assimilation 
and photosynthetic enzyme activity (Khan et al., 2025). This enhanced 
P condition boosts root-fungus demand, where the AMF symbiosis 
functions as a carbon sink that induces photosynthesis via feedback 
regulation between leaves (source) and roots-fungi (sink) (Bunn et al., 
2024). At the same time, AMF regulates phytohormones (IAA, ABA, and 
brassinosteroids) and antioxidants, managing growth, stress responses, 
and nutrient transport, hence connecting phosphorus dynamics with 
hormonal balance and overall plant physiology performance (Zhang et 
al., 2024).

Besides, studies supported that the effects of Nano-P and AMF were 
concentration-dependent, and Severo et al. (2025) reported that Nano-P 
was potent for improving plant growth, but an excessively high ratio may 
decrease the advantages of AMF colonization and cause diminishing 
growth or even negative influences on root and shoot parameters. In the 
iris geophytic plant, Ali and Mashkoor (2023) found that the combination 

of Azotobacter chroococcum and 2 mg L-1 of Nano-P improved plant 
height, leaf number, bulb number, bulb diameter, and dry weights of 
shoot and root. Furthermore, AMF help plants to access soil resources, 
more specifically phosphorus, nitrogen, and other nutrients, because the 
fungal hyphae extend far beyond the root zone (Mohammed et al., 2025; 
Halshoy, 2025). Moreover, AMF raise auxin and cytokinin levels and 
reduce abscisic acid in the roots of colonized plants and upgrade nutrient 
uptake (Wang et al., 2021). Whereas the literature emphasized that the 
ratio of applied AMF had a crucial role in its effect. In a study, different 
doses of AMF were applied to mung beans, and significant differences 
were observed in plant height, biomass, pod number, seed weight, etc., 
depending on dosage (Djauhari et al., 2021). Additionally, certain factors 
interact with the impact of AMF on plants. For example, Sheikh-Assadi et 
al. (2023) found that AMF could enhance growth at low to moderate soil 
phosphorus (P), but at high P, the favorable role of AMF disappeared and 
equalized with the control. Also, Prettl et al. (2024) stated that we will 
not always see a good yield due to AMF inoculation because AMF effects 
strongly depend on soil type and fertilization regime. 

On the other hand, enhancements in the majority of phytochemicals 
quantified in the three plant organs in the current study were observed due 
to the application of Nano-P 0.5 g + AMF 0 g, Nano-P 0 g + AMF 20 g, 
and Nano-P 0.5 g + AMF 20 g (Table 3-5). These enhancements in the 
phytochemicals may be other reasons behind the increase in morphological 
traits of the three plant organs. Effects of AMF and Nano-P fertilizer on 
chemicals and bioactive compounds of plants have been well documented 
by the studies. Both pot and field experiments revealed in coneflower, 
bitter melon, and pea that phosphorus fertilizer and AMF maximized 
chlorophylls and bioactive compounds, including phenols, proteins, and 
carbohydrate content. These are because they elevate nutrient uptake and 
strengthen plants against stresses (Shinde and Thakur 2015; Khara et al., 
2023; Dolatmand-Shahri et al., 2025). The reason for the decrease in some 
secondary metabolites under certain high-dose treatments may be related 
to that high Nano-P shifts plant metabolism toward nutrient assimilation 
and plant growth, reducing carbon allocation to secondary metabolite 
pathways. Moreover, AMF-plant symbiosis normally induces secondary 
metabolite biosynthesis, but high Nano-P can inhibit AMF colonization 
and decrease secondary metabolites. Besides, high doses of AMF itself 
reduce distinct compounds through disrupting metabolic balance and 
stimulating physiological or oxidative stress reactions (Rashidi et al., 
2024).
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Apart from these, a simultaneous increase in growth and reduction 
of various chemicals in the same organ may be explained as a sign of 
physiological trade-offs, where plants reallocate resources under altered 
nutrient states among competing metabolic pathways. Available nutrients 
in plants frequently shift between secondary metabolism, defense, and 
growth strategies, which are well documented under such trade-offs 
(Li et al., 2024). Studies on phosphorous showed that plants modify 
internal acquisition and allocation pathways using supply, reinforcing 
that conflicting metabolite outputs are organized rather than random 
(Ma et al., 2023). Sometimes, the outperformance of Nano-P + AMF 0 
g treatments over Nano-P + AMF treatments in the current study may 
be due to interaction effects that caused interference with appropriate 
nutrient release synchronization or absorption efficiency (Subramani 
and Balakrishnan, 2026). Sometimes declining physiological efficiency 
can be introduced as a result of integrated fertilization because of the 
antagonistic effect of the fertilizer (Subramani and Balakrishnan, 2026). 
Thus, structuring these outcomes as metabolic trade-offs and treatment 
interaction effects would interpret the reason why several treatments 
simultaneously increased certain phytochemicals while decreasing others 
within the same plant organ and also why single Nano-P + AMF 0 g 
treatments sometimes outperformed Nano-P + AMF treatments.

Conclusions
This study evaluated the influence of nano-phosphorus (Nano-P) 

fertilizer and arbuscular mycorrhizae fungi (AMF) on hybrid seedlings of 
amaryllis, measuring growth and chemical traits of different organs. The 
results indicated that Nano-P essentially improved metabolic processes, 
raising chlorophyll and chemical contents. Whereas AMF mainly improved 
morphological characteristics, like root growth, bulb size, and leaf 
dimensions. The apparent important treatment was the interaction of Nano-P 
0.5 g + AMF 20 g, which boosted both growth and quality parameters, 
making it agreeable for commercial production. Higher Nano-P (1 g), more 
specifically interacting with AMF, elevated several chemicals in the different 
organs but was less steady for growth performance. The partially synergistic 
consequences of the interaction between Nano-P and AMF were observed 
to be strongly dependent on the applied dose. Moderate dose interactions 
demonstrated higher root number, bulb yield, chlorophyll contents, and 
secondary metabolites. In contrast, excessive doses sometimes led to 
antagonistic impacts and diminished performance. In certain cases, single 
applications acted even better than combined treatments. Generally, optimal 
synergy occurred at certain treatment rates, confirming partially supported 
hypotheses at specific interactions. Using the combination of Nano-P 0.5 g 
+ AMF 20 g will be practically useful in the growing of amaryllis. Future 
studies should investigate physiological effects and molecular mechanisms 
of nano-biofertilization consequences on amaryllis.  
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