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Abstract: Egyptian henbane (Hyoscyamus muticus L.) plants are rich sources of alkaloids used in
pharmaceutical products. Recently, rising efforts have been devoted to reducing mineral fertilizer
supply, production cost, and environmental pollution via decreasing the doses of nitrogenous
fertilizers and adopting biofertilizer farming systems. Two field experiments were conducted to
examine the potential role of N fixing bacteria Azotobacter spp. and Azospirillum spp. on the growth,
mineral status, tropane alkaloids, leaf anatomy, and seed yield of Egyptian henbane grown with
different levels of mineral nitrogen fertilizer, i.e., 25%, 50%, and 100% of the recommended dose,
equal to 30, 60, and 120 kg N ha−1. N fertilizer improved growth, mineral elements, tropane alkaloids,
seed yield, and yield components of Egyptian henbane, which showed a gradually rising trend as the
rate of N fertilizer increased. High doses of N fertilizer presumably elicited favorable changes in
the anatomical structure of Egyptian henbane leaves. The application of 50% N dose plus N fixing
bacteria affected Egyptian henbane trials similarly to 100% of recommended N dose. In conclusion,
the N fixing bacteria proved to be a sustainable tool for a two-fold reduction in the recommended
dose of mineral N fertilizer and the sustainable management of Egyptian henbane nutrition.
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1. Introduction

The family Solanaceae consists of about 85 genera and 2800 species of tropical and temperate
distribution [1]. Tropane alkaloids are reported in 21 genera of the Solanaceae family, of which
Hyoscyamus is one of the most important in this respect. The genus comprised of about 15 species
distributed in North Africa and Western Europe to Central Asia [2]. Hyoscyamus niger L. (henbane, black
henbane or European henbane) is cultivated in South-Eastern England, in Thuringia and Northern
Bavaria in Germany, in Russia, and Hungary, while Hyoscyamus muticus L. (Egyptian henbane)
is indigenous to desert regions in Egypt, Iran, Baluchistan, Sind, Western Punjab, and it has
been introduced into Algeria and Southern California in the USA [3]. Both species are of high
economic importance for their tropane alkaloids (hyoscyamine and hyoscine) which are widely used
in medicine because of analgesic, anticholinergic, antispasmodic, mydriatic, and sedative activity [4].
Tropane alkaloids are industrially extracted from Hyoscyamus and the other Solanaceae belonging
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to Atropa, Duboisia, and Datura genera because its synthetic production is uneconomical due to the
complex chemical structure and route of the biosynthesis [5].

Egyptian henbane is a wild herbaceous plant about 60 cm in height, richly branched, with dense
flower-spikes at the end of the stems; the leaves are pubescent, pale green, rhomboidal or broadly
elliptical, up to 15 cm long [6]. The plant is an annual herb when cultivated, reaching more than 80 cm
in height. Egyptian henbane contains 0.7–1.5% of total alkaloids, most of which is hyoscyamine [7].
It is reported that total alkaloids in leaves of Egyptian henbane reached its maximum level in the 14th
week of cultivation, being 45.6 mg g−1 dry weight (DW) and then showed a slight decline towards the
end of the growing season, reaching 42.2 mg g−1 DW in 16 weeks, at full blooming stage [6].

Mineral fertilizers, particularly those containing nitrogen (N), phosphorus (P), and potassium (K),
are important factors for vigorous plant growth and hence a higher yield of all crops [8–11]. Repeated
application of mineral fertilizers, however, causes environmental risk, since N fertilizers are the main
source of accumulating nitrates in soils and plants. Recently, great attention has been devoted to
reduce the amounts of N fertilizers through adopting biofertilizers in the farming systems [12–14].
Nitrogen nutrition plays a crucial role in the biosynthesis of nitrogenous secondary metabolites,
including the tropane alkaloids of Egyptian henbane, so the appropriate N management is critical for
the pharmacological quality of this medicinal plant.

Biological fertilization of non-legume crops by N2-fixing bacteria has gained great importance in
recent years because of its’ effectiveness in accelerating crop growth and yield. Nitrogen fixers such as
Azotobacter spp. and Azospirillum spp. were found to have not only the ability to fix nitrogen but also to
release certain phytohormones such as gibberellins and indolic substances, which could stimulate plant
growth, nutrients availability and photosynthetic processes [15]. Plants can synthesize auxins, including
the major one, indole-3-acetic-acid (IAA) themselves, however, the rhizospheric bacteria, especially
of the genera Aeromonas, Azotobacter, Bacillus, Burkholderia, Enterobacter, Pseudomonas, and Rhizobium
significantly contribute to the plant’s auxin pool [16]. The direct effect of bacterial auxins secretion is
an accelerated length of root hairs, root growth, biomass, and surface, and modified architecture of the
root system. Bacteria of Achromobacter, Azospirillum, Bacillus, Enterobacter, Pseudomonas, and Rhizobium
genera possess 1-Aminocyclopropane-l-carboxylate (ACC)-deaminase activity. ACC-deaminase
transforms ACC into alpha-keto-butyrate and ammonia thereby lower the level of ethylene in
the plant and turn to stimulate plant growth [17,18]. Biological nitrogen fixation in no-leguminous
crops and bacterial interactions has been widely studied for their agronomic importance during the
past five decades. For example, in paddy rice (Oryza sativa L.) [19], sweet potato (Ipomoea batatas
L.) [20], sugarcane (Saccharum officinarum L.) [21], and associative nitrogen fixation are agronomically
important. In this regard, Boddey et al. [22] reported that some sugarcane varieties can acquire more
than 60 percent of their nitrogen from the biological nitrogen fixation process associated with the plant.
Moreover, a strong nitrogen balance has been measured, indicating a substantial atmospheric intake of
nitrogen in paddy rice fields [19]. Generally, the application of nitrogen-fixing bacteria provides an
integrated approach for growth promotion, disease management, secondary metabolites accumulation,
and maintenance of the fertility of soil [23].

There are no data on the effect of nitrogen-fixing rhizobacteria on henbane, however considering
henbane as the species demanding about N nutrition, the research in this field can bring promising
results. The present study was designed to analyze the potential role of nitrogen-fixing bacteria
Azotobacter spp. and Azospirillum spp. on tropane alkaloids, leaf anatomy, and seed yield of Egyptian
henbane fertilized with different levels of mineral nitrogen. We hypothesized that there is a possibility
to reduce mineral N fertilization without a decrease in raw herb quality. We also aimed to highlight the
mechanisms of plant growth-promoting rhizobacteria action through the analysis of plant vegetative
growth, morphology, leaf anatomy, and mineral status of Egyptian henbane.
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2. Materials and Methods

2.1. Experimental Procedures

Two field experiments were carried out in 2017 and 2018 at the Agricultural Experiments and
Research Station, Faculty of Agriculture, Cairo University, Giza, Egypt (30◦01′38” N, 31◦11′35” E).

Seeds of Egyptian henbane (Hyoscyamus muticus L.) were obtained from the Experimental Station
of Medicinal Plants, Faculty of Pharmacy, Cairo University, Giza, Egypt. Seeds with uniform size
and color were washed with distilled water, sterilized with 10% sodium hypochlorite solution for
about 15 min, washed again with distilled water, and air-dried.

Rhizobacterein® biofertilizer was obtained from the Ministry of Agriculture and Land Reclamation,
Egypt. Rhizobacterein® is the commercial name of nitrogen-fixing bacteria containing Azotobacter spp.,
Azospirillum spp., and Rhizobium spp., which can perform symbiotic and non-symbiotic N2-fixation in
the most field, vegetable and fruit crops. Rhizobacterein was applied as a mixture of vermiculite:peat
moss at a ratio of 9:1 (wt.:wt.), containing about 1 × 107 of these bacteria equally. For the inoculation of
the seeds of Egyptian henbane with Rhizobacterein, a sticker was done by preparing a sugar solution of
1 cup sugar to 1 quart of warm water. The seeds were slightly moistened with a small amount of sticker
solution and mixed with Rhizobacterein inoculant. Then, seeds and inoculants were poured between
clean 5-gallon buckets. After mixing, all the seeds were evenly covered with specks of inoculant.
Seeds were planted immediately in seedling trays, making sure the inoculated seeds were not exposed
to sunlight. Rhizobacterein biofertilizer was used at a rate of 2.00 kg ha−1.

Seeds of Egyptian henbane either inoculated with Rhizobacterein biofertilizer or without
inoculation were sown on 18 February 2017 in the first season and on 5 March 2018 in the second one in
seedling trays in 40 × 60 cm. Uniform seedlings at 30 days after sowing were transplanted in the open
field on the west side of 4 m long ridges, which were 60 cm apart, with a 30 cm spacing between hills
with one seedling per hill. Each experimental unit consisted of 7 ridges assigned to a single treatment.

Physical and chemical analysis of the loamy-clay soil at the experimental site (Table 1) were done
in each growing season before plowing for plantlet establishment [24].

Table 1. Physical and chemical properties of the experimental soil in the two growing seasons.

Soil Properties 2017 2018

Coarse sand (%) 1.4 1.6
Fine sand (%) 31.7 33.1

Silt (%) 39.6 40.2
Clay (%) 27.3 25.1

Soil texture Clay-Loam Clay-Loam
pH 7.5 7.3

Organic matter (%) 1.93 1.85
Available N (ppm) 45.6 47.9
Available P (ppm) 7.8 7.4
Available K (ppm) 415.0 434.0

The experiments were established in a split-plot design with three replicates. Each replicate
contained three main plots, each assigned to one level of mineral nitrogen fertilizer. Each main plot
was divided into two sub-plots, one of which was inoculated with Rhizobacterein biofertilizer and the
other sub-plot served as an untreated control.

Nitrogen (N) fertilizers consisted of three levels, viz. 25%, 50%, and 100% of the recommended dose
of 120 kg N ha−1 as ammonium sulfate (20.5% N), and considered as N30, N60, and N120, respectively.
Biofertilizer included two treatments, viz., henbane plants inoculated with Rhizobacterein and without
Rhizobacterein as control and considered as RB+ and RB−, respectively. Each replicate included
six plots, viz., 3 N fertilizers (N30, N60, and N120) × 2 Rhizobacterein biofertilizer (BR+ and BR−).
Therefore, each experiment consisted of six treatments as combinations of two factors (N fertilizers
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and Rhizobacterein biofertilizers) viz., T1, 30 kg N ha−1 without Rhizobacterein (30N × RB−);
T2, 30 kg N ha−1 with Rhizobacterein (30N × RB+); T3, 60 kg N ha−1 without Rhizobacterein
(60N × RB−); T4, 60 kg N ha−1 with Rhizobacterein (60N × RB+), T5, 120 kg N ha−1 without
Rhizobacterein (120N × RB); and T6, 120 kg N ha−1 with Rhizobacterein (120N × RB+).

Phosphorus (P) fertilizer at the rate of 32 kg P ha−1 superphosphate (15.5% P2O5) was added as
one dose before transplanting during the soil preparation for cultivation. Potassium (K) was added at
the rate of 95 kg K ha−1 as potassium sulfate (48% K2O) in two equal doses, the first of which was
added before transplanting and the second one a month later. All other cultural practices were carried
out as recommended by the Ministry of Agriculture and Land Reclamation, Egypt. Figure 1 shows the
general view for a side of the experiment at the full blooming stage carried out at the second growing
season in 2018.
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Figure 1. General view from the experiment at Egyptian henbane full blooming stage carried out in the
second season (2018).

2.2. Measurements

At 90 days after transplanting, equal to 120 days from sowing, ten plants from each experimental
unit were sampled to determine morphological characters i.e., plant height in cm (PH), number of
branches per plant (BNo), number of leaves per plant (LNo), and fresh weight of leaves per plant in g
(LFW). The total leaf area per plant in dm2 (LA) was measured using a leaf area meter (LI-COR 3100;
Licor, Lincoln, NB, USA).

For the anatomical study, at 60 days from transplanting (90 days from sowing), specimens of
selected treatments were taken during the second season of 2018 from leaves developed in the middle
part of the main stem. Specimens were fixed for at least 48 h in FAA (10 mL formalin, 5 mL glacial
acetic acid, and 85 mL ethyl alcohol 70%). The selected materials were washed in 50% ethyl alcohol,
dehydrated in normal butyl alcohol series, embedded in paraffin wax of 56 ◦C melting point, sectioned to
a thickness of 20 micrometers (µm), double stained with the crystal violet erythrosine, cleared in xylene
and mounted in Canada balsam [25]. Sections were examined to detect histological manifestations of
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the selected treatments and photomicrographed using an upright light microscope (AxioPlan, Zeiss,
Jena, Germany). Measurements were done using a micrometer eyepiece and an average of five readings
were calculated.

Macro- and micro-nutrients concentrations of N, P, K, calcium (Ca), sodium (Na) and iron (Fe), zinc
(Zn), manganese (Mn), and copper (Cu) were determined in henbane plants represented all treatments
grown in the second season of 2018 at 90 days after transplanting. Fresh samples of leaves were dried at
70 ◦C to constant moisture, and dried ground leaves (1 g) were digested in a mixture of boiling perchloric
acid and hydrogen peroxide for 8 h. When the fumes were white and the solution was completely
clear, it was cooled to room temperature and filled up to 10 mL with deionized water. Reagent blanks
were prepared by carrying out the whole extraction procedure but in the absence of a sample. Total N
was determined using the micro-Kjeldahl method. P was determined colorimetrically using stannous
chloride-ammonium molybdate reagent [26], after its extraction by sodium bicarbonate [27]. K was
determined using a flame photometer (ELE Flame Photometer, Leighton Buzzard, UK). Ca, Na, Fe, Zn,
Mn, and Cu concentrations were determined by atomic absorption spectrophotometry [28]. N, P, K,
Ca, Mg, Na, and Fe were expressed as mg g−1 DW, while Zn, Mn, and Cu were expressed as ppm.

Tropane alkaloids (TA) analysis by GC-MS and GC-FID were carried out from leaves represented
all treatments and taken from plants grown in the second season of 2018 at full blooming at 90 days after
transplanting equal to 120 days from sowing [29]. Samples of plant material (2.0 g) were homogenized
in 5 mL EtOH and centrifuged at 4000 rpm for 10 min. This procedure was repeated three times, and
the EtOH supernatants were combined and evaporated under vacuum. TA was purified from the
EtOH extract by acid-base work up and analyzed by GC-MS [29]. For hyoscyamine and scopolamine
quantification, GC-flame ionization detector (FID) analyses were carried out by using a Hewlett
Packard 5890 GC with an FID coupled with a Hewlett Packard (HP 3396-A) electronic integrator,
with SA-1 (100% polydimethylsiloxane) capillary column (30 m × 0.25 mm × 0.25 µm). The GC-FID
conditions were as follows: injection temperature 250 ◦C; temperature program 150–300 ◦C, 4 ◦C, 1 min;
split ratio 1:100; and carrier gas He 1 mL per min. An aliquot of 1 µL of the alkaloidal extracts was
redissolved in 200 µL of a 2 mg mL−1 MeOH solution of stearic acid methyl ester was injected as an
internal standard. Methyl stearate was used as the internal standard because of its retention time (RT),
which does not overlap the RT of the TA, as a commercial alkaloid (the pyrrolizidine monocrotaline).
Hyoscyamine (Hyoscy), and Scopolamine (Scopo) were measured as a component of tropane alkaloids
(TA) and the sum of hyoscyamine plus scopolamine (Hyoscy+Scopo) was calculated as the total of TA
and presented in mg g−1 dry weight (DW).

At 90 days after transplanting (120 days from sowing), ten plants from each treatment were
assigned and labeled at the full blooming stage for recording yield characters, i.e., the number of
capsules per plant (Cno), 1000-seeds weight in g (TSW), and seed yield per plant in g (SY).

2.3. Statistical Analysis

All data were subjected to an analysis of variance for a split-plot design [30], after testing for
the homogeneity of error variances using the Levene test [31], and testing for normality distribution
according to Shapiro and Wilk method [32]. Statistically significant differences between means were
compared at p ≤ 0.05 using the least significant difference (LSD) test. The statistical analysis was carried
out using GenStat 17th Edition (VSN International Ltd., Hemel Hempstead, UK). Correlation coefficient
r was calculated to determine the relationship between seed yield and each of the physiological and
chemical traits. Experimental data were also processed for a principal component analysis (PCA)
using the Statistica 12.0 software package (StatSoft Inc., Tulsa, OK, USA), to evaluate the existing
relationships with original variables.
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3. Results

3.1. Vegetative Growth of Egyptian Henbane

The data reported in Table 2 reveal the effect of different levels of mineral nitrogen fertilizer alone
or in combination with Rhizobacterein biofertilizer, the latter containing a mixture of nitrogen-fixing
bacteria belonging to Azotbacter spp. and Azospirillium spp., on morphological and growth characteristics
of Egyptian henbane plants. The increasing level of N fertilizer significantly and gradually enhanced all
morphological characters in both research seasons, up to 100% of the N recommended dose. Increasing
N fertilizer rate from 25% to 100% of recommended dose caused the increase of plant height by 22.4%
and 31.3%, the number of branches per plant by 29.8% and 32.7%, leaf number per plant by 20.0% and
24.8%, total leaf area per plant by 20.5% and 22.4%, and leaf fresh weight per plant by 23.0% and 26.2%,
in the 1st and 2nd season, respectively. The growth promotion caused by the rising level of mineral
N fertilizer was similar to that induced by biofertilizer inoculation, which was generally effective in
replacing half of the nitrogen fertilizer recommended dose. T4 (60N × RB+) significantly increased
all growth characters with no significant difference between T4 and T5 or T6 when 120 kg N ha−1

were applied.

Table 2. Effects of mineral nitrogen fertilizer (N) and Rrhizobacterein biofertilizer (RB) on morphological
parameters of Egyptian henbane in 2017 and 2018.

Treatment Plant Height
(cm)

No of Branches
per Plant

No of Leaves
per Plant

Total Leaf Area
per Plant (dm2)

Fresh Weight of
Leaves per Plant (g)

2017 2018 2017 2018 2017 2018 2017 2018 2017 2018

N
N30 69.2 † c 62.3 c 10.4 c 09.8 c 204 c 189 c 69.0 c 64.5 c 357 c 327 c

N60 79.3 b 73.4 b 12.3 b 12.0 b 231 b 216 b 78.0 b 73.4 b 409 b 381 b

N120 84.7 a 81.8 a 13.5 a 13.0 a 245 a 236 a 83.1 a 78.9 a 439 a 412 a

RB
RB− 74.1 b 68.5 b 11.3 b 10.9 b 215 b 201 b 72.6 b 68.4 b 379 b 354 b

RB+ 81.3 a 76.4 a 12.8 a 12.3 a 239 a 226 a 80.7 a 76.2 a 425 a 393 a

N × RB
T1 64.8 c 57.2 c 9.3 c 8.9 c 187 c 172 c 62.8 c 58.7 c 325 c 301 c

T2 73.5 b 67.4 b 11.5 b 10.7 b 222 b 205 b 75.2 b 70.2 b 389 b 352 b

T3 75.1 b 69.1 b 11.4 b 11.1 b 219 b 202 b 74.0 b 69.1 b 383 b 357 b

T4 83.4 a 77.7 a 13.1 a 12.9 a 244 a 230 a 81.9 a 77.6 a 435 a 406 a

T5 82.5 a 79.3 a 13.2 a 12.7 a 240 a 228 a 81.1 a 77.2 a 428 a 403 a

T6 86.9 a 84.2 a 13.7 a 13.3 a 251 a 243 a 85.1 a 80.6 a 450 a 422 a

† Within each column and experimental factor, mean values with the same lowercase letter are not significantly
different according to the Least Significant Difference (LSD) test at p ≤ 0.05. Measurements were done 120 days after
sowing. N30, 30 kg N ha−1; N60, 60 kg N ha−1; N120, 120 kg N ha−1. N30, N60, and N120 present the marginal mean
of each level of N fertilizer factor. BR−, without Rhizobacterein inoculation; BR+, with Rhizobacterein inoculation.
RB−, and RB+ present the marginal mean of each level of Rhizobacterein inoculation factor. T1, 30N × RB−;
T2, 30N × RB+; T3, 60N × RB−; T4, 60N × RB+; T5, 120N × RB−; T6, 120N × RB+. T1, T2, T3, T4, T5, and T6 present
the cell mean of each treatment.

3.2. Elemental Composition of Egyptian Henbane

Increasing the dose of N fertilizer significantly affected the concentrations of macronutrients
(N, P, K, Ca, Mg) and micronutrients (Fe, Zn, Mn, Cu) in Egyptian henbane leaves (Table 3), except for
Na which showed an opposite trend. In general, intensification of mineral salts accumulation caused
by raising mineral N dose was not different from that induced by the biofertilizer. For most of the
investigated elements, T4 treatment (60N× RB+) significantly increased all elements, and, in most cases,
no significant differences between T4 and T5 or T6 were recorded when 120 kg N ha−1 were applied.
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Table 3. Effects of mineral nitrogen fertilizer (N) and Rhizobacterein biofertilizer (RB) on concentrations
of macronutrients (N, P, K, Ca, Mg) and micronutrients (Na, Fe, Zn, Mn, Cu) in Egyptian henbane leaves.

Treatment N P K Ca Mg Na Fe Zn Mn Cu

mg g−1 DW mg L−1

N
30N 9.8 † c 2.90 c 45.2 c 20.0 c 11.1 c 4.47 a 4.99 c 26.5 c 20.6 c 16.1 c

60N 13.8 b 3.53 b 52.2 b 24.8 b 13.7 b 3.91 a 5.81 b 33.4 b 25.7 b 20.5 b

120N 15.4 a 4.03 a 57.3 a 27.9 a 15.3 a 3.29 b 6.39 a 42.5 a 29.1 a 25.3 a

RB
RB− 11.6 b 2.97 b 49.1 b 22.1 b 12.3 b 4.18 a 5.35 b 30.9 b 23.2 b 18.8 b

RB+ 14.4 a 4.00 a 54.0 a 26.3 a 14.4 a 3.60 b 6.11 a 37.3 a 27.1 a 22.5 a

N × RB
T1 7.9 c 2.68 d 42.5 c 18.3 d 10.2 d 4.83 a 4.62 e 23.7 d 18.4 c 14.7 d

T2 11.6 b 3.12 c 47.9 b 21.7 c 11.9 c 4.11 b 5.36 d 29.3 c 22.8 b 17.5 c

T3 12.3 b 2.99 cd 48.6 b 22.2 c 12.8 bc 4.29 b 5.47 cd 30.5 c 23.2 b 18.3 c

T4 15.3 a 4.06 b 55.7 a 27.4 ab 14.6 ab 3.53 c 6.15 b 36.3 b 28.1 a 22.8 b

T5 14.5 a 3.24 c 56.1 a 25.8 b 13.9 b 3.42 c 5.96 bc 38.4 b 27.9 a 23.2 b

T6 16.4 a 4.82 a 58.5 a 30.0 a 16.6 a 3.16 d 6.82 a 46.5 a 30.2 a 27.3 a

† Within each column and experimental factor, mean values with the same lowercase letter are not significantly
different according to the Least Significant Difference (LSD) test at p ≤ 0.05. Measurements were done 120 days after
sowing. N30, 30 kg N ha−1; N60, 60 kg N ha−1; N120, 120 kg N ha−1. N30, N60, and N120 present the marginal mean
of each level of N fertilizer factor. BR−, without Rhizobacterein inoculation; BR+, with Rhizobacterein inoculation.
RB−, and RB+ present the marginal mean of each level of Rhizobacterein inoculation factor. T1, 30N × RB−;
T2, 30N × RB+; T3, 60N × RB−; T4, 60N × RB+; T5, 120N × RB−; T6, 120N × RB+. T1, T2, T3, T4, T5, and T6 present
the cell mean of each treatment.

3.3. Tropane Alkaloids in Egyptian Henbane

The increasing level of N fertilizer significantly risen hyoscyamine (Hyoscy), scopolamine (Scopo),
out of tropane alkaloids (TA) in Egyptian henbane leaves at a gradually increasing rate up to 100% of the
N fertilizer recommended dose (Table 4). Notably, raising the level of N fertilizer from 25 to 100% of the
recommended dose induced a 50.4% increase of hyoscyamine concentration (the main tropane alkaloid),
59.1% in hyoscine concentration (the second major one), and 51.9% of total alkaloids. The increase in
the concentration of tropane alkaloids due to biofertilizer treatment was 21.1% for hyoscyamine, 25.3%
for hyoscine, and 21.9% for total alkaloids. Increasing N fertilizer dose combined with Rhizobacterein
biofertilizer significantly induced favorable changes in Hyoscy, Scopo, and TA status in Egyptian
henbane leaves, thus verifying that the increase induced by raising the level of mineral N fertilizer
was similar to that induced by Rhizobacterein biofertilizer treatment. T4 (60N × RB+) significantly
increased Hyoscy, Scopo, and TA concentrations with no significant difference between T4 and T5 or
T6 when 120 kg N ha−1 were applied.

Table 4. Effects of mineral nitrogen fertilizer (N) and Rhizobacterein biofertilizer (RB) on hyoscyamine,
scopolamine, of total tropane alkaloids content in leaves of Egyptian henbane.

Treatment Hyoscyamine Scopolamine Total Tropane Alkaloids

mg g−1 DW

N
N30 23.41 † c 5.23 c 28.64 c

N60 29.83 b 6.93 b 36.75 b

N120 35.2 a 8.32 a 43.51 a

RB
RB− 26.66 b 6.06 b 32.72 b

RB+ 32.29 a 7.59 a 39.88 a
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Table 4. Cont.

Treatment Hyoscyamine Scopolamine Total Tropane Alkaloids

mg g−1 DW

N × RB
T1 20.59 c 4.37 c 24.96 c

T2 26.22 b 6.09 b 32.31 b

T3 26.58 b 6.11 b 32.69 b

T4 33.07 a 7.74 a 40.81 a

T5 32.82 a 7.69 a 40.51 a

T6 37.57 a 8.94 a 46.51 a

† Within each column and experimental factor, mean values with the same lowercase letter are not significantly
different according to the Least Significant Difference (LSD) test at p ≤ 0.05. Measurements were done 120 days after
sowing. N30, 30 kg N ha−1; N60, 60 kg N ha−1; N120, 120 kg N ha−1. N30, N60, and N120 present the marginal mean
of each level of N fertilizer factor. BR−, without Rhizobacterein inoculation; BR+, with Rhizobacterein inoculation.
RB−, and RB+ present the marginal mean of each level of Rhizobacterein inoculation factor. T1, 30N × RB−;
T2, 30N × RB+; T3, 60N × RB−; T4, 60N × RB+; T5, 120N × RB−; T6, 120N × RB+. T1, T2, T3, T4, T5, and T6 present
the cell mean of each treatment.

The maximum leaf alkaloids concentration in Egyptian henbane, as much as 37.57 mg g−1 DW for
hyoscyamine, 8.94 mg g−1 DW for hyoscine, and 46.51 mg g−1 DW for total alkaloids was recorded at
the 100% mineral N fertilizer in the combination with Rhizobacterein biofertilizer.

3.4. Leaf Anatomy of Egyptian Henbane

Microscopic measurements of some histological characters in transverse sections on the leaf blade
developed in the middle part of the main stem of Egyptian henbane plant as affected by different
levels of mineral N fertilizer with presence or absence of biofertilizer are reported in Table 5. Besides,
microphotographs illustrating the effects of selected treatments are shown in Figure 2. Egyptian
henbane plants receiving 50% of the recommended dose of mineral N fertilizer (60N) showed
a prominent reduction in thickness of both midvein (−16.6%) and lamina (−12.1%) of the examined leaf,
compared with the control plants which received 100% of the recommended N mineral dose (N120).
The decrements referred to control were −3.4%, −40.5% and 40.1% for mesophyll thickness, midvein
bundle length, and midvein bundle width, respectively. The results in Table 5 reveal that leaves of
Egyptian henbane from bio-fertilized plants receiving half of the recommended dose of mineral N
fertilizer (60N × BR+) showed positive changes in their structure, compared to the control plant leaves.
Such a promotion effect reflected in increasing the thickness of both midvein and lamina by 9.3%
concerning control. Likewise, compared to control, increases were recorded for mesophyll thickness
(+8.2%) and midvein bundle length (+5.6%), an 8.8% decrease of midvein bundle width.

Table 5. Measurements (µm) of histological characters in transverse sections of leaf blade taken from
the middle part of Egyptian henbane main stem as affected by mineral nitrogen fertilizer (N) and
Rhizobacterein biofertilizer (RB).

Histological Characters Treatment

120N 60N ± to 120N (%) 60N × BR+ ± to 120N (%)

Thickness of midvein 1436 † 1198 −16.6 1699 +18.3
Thickness of lamina 818 719 −12.1 894 +9.3

Thickness of mesophyll 755 654 −13.4 817 +8.2

Dimensions of midvein bundle:
Length 341 203 −40.5 360 +5.6
Width 397 238 −40.1 362 −8.8

† Means of three sections from three specimens. Measurements were done 90 days after sowing. N60, 60 kg N ha−1;
N120, 120 kg N ha−1; 60N × BR+, 60 kg N ha−1 with Rrhizobacterein inoculation.
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Figure 2. Transverse sections of leaf blade taken from the middle part of Egyptian henbane main stem 
90 days after sowing, as affected by N fertilizer and Rhizobacterein. (A), control plant received 120 kg 
N ha−1; (B), plant received 60 kg N ha−1; (C), plant received 60 kg N ha−1 plus Rhizobacterein®. 
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Figure 2. Transverse sections of leaf blade taken from the middle part of Egyptian henbane main
stem 90 days after sowing, as affected by N fertilizer and Rhizobacterein. (A) control plant received
120 kg N ha−1; (B) plant received 60 kg N ha−1; (C) plant received 60 kg N ha−1 plus Rhizobacterein®.
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3.5. Seed Yield and Yield Components of Egyptian Henbane

Table 6 shows the effect of different levels of mineral N fertilizer alone or in combination with
a Rhizobacterein on seed yield and yield components of Egyptian henbane. N fertilizer significantly
increased the number of capsules per plant (CNo) and seed yield per plant (SY), with a nonsignificant
increase of 1000-seeds weight (TSW) of Egyptian henbane, at a gradually rising rate up 100% of the
recommended dose in both growing seasons (Table 6). Interestingly, raising the level of mineral N
fertilizer from 25% to 100% of the recommended dose resulted in a significant increase of capsules
number per plant by 30.2% and 31.2% and of seed yield per plant by 32.6% and 36.1%, in the first and
second season respectively.

Table 6. Effects of mineral nitrogen fertilizer (N) and Rhizobacterein biofertilizer (RB) on Egyptian
henbane seed yield parameters in the growing seasons 2017 and 2018.

Treatment Capsules Number per Plant 1000-Seed Weight (g) Seed Yield per Plant (g)

2017 2018 2017 2018 2017 2018

N
N30 222 c † 205 c 0.652 a 0.633 a 29.5 c 26.6 b

N60 261 b 238 b 0.668 a 0.643 a 35.4 b 32.1 a

N120 289 a 269 a 0.689 a 0.654 a 39.1 a 36.2 a

RB
R− 243 b 222 b 0.663 a 0.637 a 32.2 b 29.4 b

RB+ 271 a 253 a 0.676 a 0.650 a 37.2 a 33.8 a

N × RB
T1 204 c 185 d 0.648 a 0.629 a 26.2 c 23.7 c

T2 240 b 225 b 0.656 a 0.637 a 32.9 b 29.5 b

T3 245 b 221 c 0.659 a 0.634 a 32.6 b 29.7 b

T4 277 a 255 ab 0.676 a 0.652 a 38.3 a 34.5 ab

T5 281 a 260 a 0.683 a 0.647 a 37.9 a 34.9 a

T6 297 a 278 a 0.695 a 0.661 a 40.4 a 37.5 a

† Within each column and experimental factor, mean values with the same lowercase letter are not significantly
different according to the Least Significant Difference (LSD) test at p ≤ 0.05. Measurements were done 120 days after
sowing. N30, 30 kg N ha−1; N60, 60 kg N ha−1; N120, 120 kg N ha−1. N30, N60, and N120 present the marginal mean
of each level of N fertilizer factor. BR−, without Rhizobacterein inoculation; BR+, with Rhizobacterein inoculation.
RB−, and RB+ present the marginal mean of each level of Rhizobacterein inoculation factor. T1, 30N × RB−;
T2, 30N × RB+; T3, 60N × RB−; T4, 60N × RB+; T5, 120N × RB−; T6, 120N × RB+. T1, T2, T3, T4, T5, and T6 present
the cell mean of each treatment.

Rhizobacterein treatment of Egyptian henbane significantly increased capsules number per plant
and seed yield per plant in both research seasons. However, bio fertilization did not significantly affect
1000-seeds weight (Table 6). The increments in seed yield characteristics due to biofertilizer inoculation
were 11.5% and 13.9% for capsules number per plant and 15.3% and 15.0% for seed yield per plant in
the first and second season, respectively. The promotion induced by raising the level of mineral N
fertilizer was similar to that induced by biofertilizer. T4 treatment (60N × RB+) significantly increased
the number of capsules per plant and seed yield per plant, with no significant differences between T4
and T5 or T6 when 120 kg N ha−1 were applied in both growing seasons.

3.6. Correlation Matrix

Pearson’s correlation coefficients (below diagonal) among all studied attributes of Egyptian
henbane plants fertilized with three mineral N levels and Rhizobacterein inoculation are shown in
Table 7. There is a high significance between seed yield and all of the studied traits, i.e., plant height,
number of branches per plant, total leaf area per plant, fresh weight of leaves per plant, N, P, K, Ca, Fe,
Zn, Mn, Cu, hyoscyamine, scopolamine, capsules number per plant, and 1000-seed weight. However,
seed yield and leaf Na concentration showed a highly significant negative correlation.
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Table 7. Pearson’s correlation coefficients (below diagonal) among all studied attributes of Egyptian henbane grown with three mineral nitrogen fertilizer doses and
Rhizobacterein inoculation.

Variables PH BNo LA LFW N P K Ca Mg Na Fe Zn Mn Cu Hyoscy Scopo CNo TSW

PH 1
BNo 0.990 ** 1
LA 0.986 ** 0.989 ** 1

L FW 0.995 ** 0.998 ** 0.994 ** 1
N 0.987 ** 0.995 ** 0.991 ** 0.995 ** 1
P 0.836 * 0.817 * 0.818 ** 0.834 * 0.849 * 1
K 0.994 ** 0.992 ** 0.982 * 0.995 ** 0.982 ** 0.834 * 1
Ca 0.979 ** 0.974 ** 0.965 ** 0.980 ** 0.979 ** 0.924 ** 0.981 ** 1
Mg 0.970 ** 0.957 ** 0.945 ** 0.962 ** 0.970 ** 0.924 ** 0.959 ** 0.988 ** 1
Na −0.988 ** −0.977 ** −0.985 ** −0.987 ** −0.970 ** −0.836 * −0.990 ** −0.971 ** −0.943 ** 1
Fe 0.978 ** 0.962 ** 0.962 ** 0.971 ** 0.976 ** 0.926 ** 0.966 ** 0.992 ** 0.996 ** −0.962 ** 1
Zn 0.970 ** 0.932 ** 0.929 ** 0.945 ** 0.936 ** 0.893 * 0.958 ** 0.970 ** 0.976 ** −0.957 ** 0.980 ** 1
Mn 0.996 ** 0.994 ** 0.988 ** 0.998 ** 0.991 ** 0.855 * 0.998 ** 0.988 ** 0.971 ** −0.990 ** 0.979 ** 0.961 ** 1
Cu 0.979 ** 0.953 ** 0.943 ** 0.963 ** 0.952 ** 0.899 * 0.976 ** 0.986 ** 0.980 ** −0.970 ** 0.983 ** 0.995 ** 0.978 ** 1

Hyoscy 0.993 ** 0.980 ** 0.977 ** 0.988 ** 0.981 ** 0.891 * 0.991 ** 0.994 ** 0.983 ** −0.987 ** 0.991 ** 0.982 ** 0.995 ** 0.992 ** 1
Scopo 0.995 ** 0.982 ** 0.984 ** 0.990 ** 0.986 ** 0.885 * 0.989 ** 0.991 ** 0.982 ** −0.988 ** 0.992 ** 0.978 ** 0.995 ** 0.986 ** 0.999 ** 1
CNo 0.996 ** 0.984 ** 0.991 ** 0.992 ** 0.983 ** 0.850 * 0.991 ** 0.979 ** 0.963 ** −0.996 ** 0.978 ** 0.968 ** 0.995 ** 0.977 ** 0.994 ** 0.996 ** 1
TSW 0.942 ** 0.927 ** 0.925 ** 0.941 ** 0.932 ** 0.953 * 0.951 ** 0.984 ** 0.961 ** −0.955 ** 0.971 ** 0.961 ** 0.957 ** 0.976 ** 0.975 ** 0.968 ** 0.954 ** 1
SY 0.999 ** 0.991 ** 0.993 ** 0.997 ** 0.990 ** 0.844 * 0.993 ** 0.981 ** 0.969 ** −0.992 ** 0.979 ** 0.964 ** 0.997 ** 0.975 ** 0.993 ** 0.996 ** 0.998 ** 0.947 **

** and *, significant at 0.01 and 0.05 levels respectively. PH, plant height; BNo, number of branches per plant; LA, total leaf area per plant; LFW, fresh weight of leaves per plant; N, nitrogen;
P, phosphorus; K, potassium; Ca, calcium; Na, sodium; Fe, iron; Zn, zinc; Mn, manganese; Cu, copper; Hyoscy, hyoscyamine; Scopo, scopolamine; CNo, capsule number per plant; TSW,
1000-seed weight; SY, seed yield per plant.
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3.7. Biplot Graph

Investigated treatments (green color) and measured traits (blue color) are shown in Figure 3, which
illustrates a polygon view of the ordination of treatment from main component analysis outputs by trait
biplots. The biplot explained 99.02% of the total variation of the standardized data. The first and second
principal components (PC1 and PC2) explained 97.11% and 1.91%, respectively. This comparatively
high percentage reveals the complication of the relations among the treatments and the evaluated
variables. T4, including 60 kg N ha−1 with Rhizobacterein inoculation (60N × RB+), was the most
efficient in most studied traits with no significant difference with either T5 or T6 when 120 kg N ha−1

was applied, either without or with biofertilizer inoculation, respectively. T1 and T2 scored the least in
most of the studied variables under 30 kg N ha−1 application.
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Figure 3. Treatment ordination by trait biplots of principal component analysis outputs of Egyptian
henbane research trials. T1, 30 kg N ha−1 without Rhizobacterein (30N × RB−); T2, 30 kg N ha−1 with
Rhizobacterein (30N × RB+); T3, 60 kg N ha−1 without Rhizobacterein (60N × RB−); T4, 60 kg N ha−1

with Rhizobacterein (60N × RB+); T5, 120 kg N ha−1 without Rhizobacterein (120N × RB−);
T6, 120 kg N ha−1 with Rhizobacterein (120N × RB+). PH, plant height; BNo, number of branches per
plant; LA, total leaf area per plant; LFW, fresh weight of leaves per plant; N, nitrogen; P, phosphorus;
K, potassium; Ca, calcium; Na, sodium; Fe, iron; Zn, zinc; Mn, manganese; Cu, copper; Hyoscy,
hyoscyamine; Scopo, scopolamine; CNo, capsule number per plant; TSW, 1000-seed weight; SY, seed
yield per plant.

4. Discussion

Nitrogen is an essential macro element for higher plants, playing a major function in their growth
and metabolism, which directly affects plant productivity [11,33–35]. Thus, the positive effect of N on
the vegetative growth characters of Egyptian henbane was due to its role as a component of amino
acids, nucleic acids, many enzymes, energy-transfer compounds, and secondary metabolites, including
the tropane alkaloids [36]. Similarly, in Hyoscyamus areticulatus and Hyoscyamus niger, morphological
parameters were found to increase linearly with increasing mineral N doses, from 0 to 200 kg ha−1 [37].
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Plant growth-promoting rhizobacteria inoculation increased root and shoot growth indexes in
Hyoscyamus niger such as leaf number, area, and greenness [38]. In the present research, the increase of
all vegetative growth characteristics induced by raising the level of mineral N fertilizer was similar to
that induced by Rhizobacterein, which in general, substituted half of the mineral N recommended dose.
Biofertilizer increased significantly all investigated morphological characteristics of Egyptian henbane
in both studied seasons. The beneficial effect of inoculation with nitrogen fixers Azotobacter spp. and
Azospirillum spp. was related to improving the fixation of atmospheric N and the wide spectrum of
growth-promoting substances, including indole-3-acetic acid, gibberellic acid, and cytokinins, produced
by applied rhizobacteria [39–41]. The activation of cell division, cell enlargement, and finally increased
root and shoot growth potential was the result of exposure henbane root system too mentioned
rhizobacteria exudates, an action described also for some other crops [15,18,42,43].

Great demand for N in different cropping systems is met through the use of N fertilizers,
but production costs are increasing, and environmental concerns are also raised. This has led to
increased interest in exploring other N sources such as biological nitrogen fixation. Non-symbiotic N2

fixation in soils or associated with the rhizosphere by free-living bacteria has the potential to meet
some of this need particularly in the worldwide lower input cropping systems [44]. The potential N
inputs from non-symbiotic N2 fixation through improved management practices, identifying better
performing microbial strains and their successful field inoculation, and plant-based solutions were
reviewed [44]. Plant growth-promoting rhizobacteria facilitate the plants in the uptake of essential
nutrients from the soil [45] and this phenomenon was reflected in an enhanced mineral composition
of bio fertilized henbane plants. In the present research, Rhizobacterein increased significantly all
determined macroelements and microelements in leaves of Egyptian henbane except for sodium which
showed a significant decrease in this respect. Plants inoculated with growth-promoting rhizobacteria
have a well-developed root system, more branched and spread, with a high number of long hair
roots increasing the surface area and minerals absorption. Changes in the root system morphology
and functionality are followed by a systemic response of all plant organisms, which gains increased
growth potential through better mineral nutrition [45,46]. Moreover, N-fixing bacteria can modify soil
chemistry, for example, Azospirillum brasilense altered pH of the rhizosphere, increasing bioavailability
of mineral elements [47]. One of the most noteworthy results of the present research is Na antagonism
with the other elements, compounds, and morpho-anatomical characteristics of Egyptian henbane.
Plant species are highly differentiated in their ability to accumulate or exclude Na from their tissues [48].
Na antagonistically interferes in the nitrate and ammonium uptake from the soil, thereby impairing
nitrogen metabolism, for example, N mineral fertilization reduced Na toxicity in tomato [49], and this
phenomenon was confirmed by the presented results.

Hyoscyamus muticus is a very important source of tropane alkaloids, which consist of up to 6%
of the dry weight in the leaves of mature plants. In the present research, the mineral N fertilizer
induced a significant increase in the concentration of tropane alkaloids in leaves of Egyptian henbane
and the rate of elevation was proportional to the dose of mineral N fertilizer. The synthesis of
tropane alkaloids, as nitrogenous compounds, depends on N availability, and this relation was
confirmed for some medicinal plants, including deadly nightshade (Atropa belladonna) [50], Common
periwinkle (Littorina littorea) [51], and black henbane (Hyoscyamus niger) [52]. The total alkaloid
content in Hyoscyamus reticulatus ranged from 0.148% to 0.191%, and for H. niger varied from 0.14%
to 0.24%, and increased proportionally to N mineral dose in research [37]. Pseudomonas putida and
Pseudomonas fluorescens were proven to enhance tropane alkaloids production in Hyoscyamus niger
under water deficit [38]. The mechanism of this phenomenon is rhizobacteria’s ability to produce
growth regulators such as IAA, which act as elicitors on tropane alkaloids biosynthesis.

The thinner leaves induced by the median level of the mineral N used could be attributed to the
decrease in thickness of mesophyll as well as in dimensions of the midvein bundle. Egyptian henbane
leaves from treatments with the use of biofertilizer and half of the recommended dose of mineral
N showed beneficial changes in anatomical structure pointing the higher effectiveness of mineral
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salts transport from roots to aboveground organs. Increases the rate of xylem was reported as the
effect of IAA increased level caused by inoculation with plant growth-promoting rhizobacteria [23].
Additionally, Solanaceus plants synthesize tropane alkaloids in roots, from which most of them are
transported to shoots and accumulated in the vacuoles of various tissues, acting as plant protection
agents. The root secondary growth as well as the xylem transport effectiveness are significant factors
determining tropane alkaloid composition of a herb [53]. In the present study, well developed vascular
bundles in plants treated with biofertilizers together with the highest concentration of tropane alkaloids
in herb show the possible mechanism of growth-promoting bacteria action, who induce not only
the synthesis of secondary metabolites in roots, but enhance the root–shoot transport and shoot
accumulation. As far as the authors are aware, previous information about the effect of mineral and
bio-fertilizers on leaf anatomy of henbane or other related species are not available.

Rhizobacteria in biofertilizer increased significantly the number of capsules per plant and seed
yield per plant but did not significantly affect 1000-seeds weight of Egyptian henbane seeds in
both studied seasons. The beneficial effect of biofertilizer on seed yield might be attributed to the
vigorous growth of biofertilized plants and to the number of metabolites synthesized by these plants,
which reflected in an increasing number of harvested capsules and consequently an increase in seed
yield per plant. Nodule and seed parameters of lentil, namely nodule number, nodule dry weight,
fresh biomass, grain yield, straw yield, and nitrogen content in grains increased as a result of lowering of
the ethylene production via inoculation with plant growth-promoting rhizobacteria [54]. For henbane,
seed yield per plant is closely associated with the number of capsules per plant and number of seeds per
capsule [37]. Seed and capsules morphological parameters, and the seed yield of Hyoscyamus reticulatus
and H. niger, were positively affected by increasing mineral N doses [37].

Unlike chemical fertilizers, the adoption of biofertilizer techniques has been promoted as the most
feasible and sustainable approach to soil fertility re-establishment [55]. Moreover, it was suggested
that nitrogen-fixing bacteria associated with the sugarcane might be the source of the agronomically
significant nitrogen inputs to this crop, due to long-term growing sugarcane in Brazil uses low N
fertilizer inputs without seeming exhaustion of soil N response [22]. Increasing water and mineral
uptake from the soil is attributed to plant anatomical characteristics modified by the mentioned growth
regulators released by bacteria in the rhizosphere, including increased root surface area, root hairs,
and root elongation [46]. Finally, the ability to convert N2 to NH4 makes N available for plants,
enhancing the production of biologically active fungistatic substances, and maintains the balance
between harmful and beneficial microorganisms in the rhizosphere [56].

5. Conclusions

Egyptian henbane plants are sources of tropane alkaloids for the pharmaceutical industry.
However, the alkaloid yield is highly N-dose dependent. With the increasing problems associated
with the use of synthetic N fertilizers in agriculture, there has been an ever-increasing interest in
bio fertilization within sustainable crop systems. The effectiveness of beneficial microorganisms in
N-fixation and improving plant productivity through multifactorial actions was shown in the present
study. Biofertilizer application enabled 50% reduction of synthetic N dose without any adverse effect
on Egyptian henbane yield and quality, evaluated through an analysis of plant growth characteristics,
mineral composition, tropane alkaloids content, and seed yield and yield components. Moreover,
biofertilizer application modified the anatomical structure of Egyptian henbane leaves towards a more
effective vascular tissue transport. The use of N-fixing bacteria has proved to be a potential tool for
sustainable Egyptian henbane production.
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