
sustainability

Article

Actinomycete Strains Isolated from Saline Soils:
Plant-Growth-Promoting Traits and Inoculation
Effects on Solanum lycopersicum

Rihab Djebaili 1,2 , Marika Pellegrini 2 , Maria Smati 1, Maddalena Del Gallo 2,* and
Mahmoud Kitouni 1

1 Laboratory of Microbiological Engineering and Applications, University of Brothers Mentouri,
Constantine 1, Chaâbat Erssas Campus, Ain El Bey Road, Constantine 25000, Algeria;
djebaili.rihab@umc.edu.dz (R.D.); mariasmati87@gmail.com (M.S.); mahmoudkitouni@yahoo.fr (M.K.)

2 Department of Life, Health and Environmental Sciences, University of L’Aquila, Coppito,
67010 L’Aquila, Italy; marika.pellegrini@guest.univaq.it

* Correspondence: maddalena.delgallo@univaq.it; Tel.: +39-0862-433258

Received: 27 April 2020; Accepted: 2 June 2020; Published: 5 June 2020
����������
�������

Abstract: Excessive use of chemical products in agriculture is causing significant environmental
pollution and the loss of lands and fertility of agricultural soils. Plant-growth-promoting bacteria are a
valid alternative strategy for sustainable agriculture. The aim of this study was to select actinomycete
strains based on their plant-growth-promoting traits and to investigate their root association abilities
and biostimulant effects on Solanum lycopersicum. The strains were investigated for their phosphate
solubilization ability, production of indole-3-acetic acid, hydrocyanic acid, and ammonia, and several
enzymatic activities. Bacteria–plant-root associations were studied by scanning electron microscopy.
A greenhouse experiment was carried out to assess inoculation effects. Of sixty isolates, fourteen
strains showed significant plant-growth-promoting traits. All fourteen strains solubilized phosphate,
produced ammonia, and showed several enzymatic activities at different rates. The production of
indole-3-acetic acid was shown by nine strains, while hydrocyanic acid production was observed
in eleven of them. Scanning electron microscopy revealed that strains have good in vitro plant
root association and colonization abilities. In planta inoculation by actinomycete strains positively
influenced plant growth parameters. The best results were shown by seven actinomycete strains,
suggesting their possible utilization as biofertilizer agents for sustainable agriculture.

Keywords: PGPB; actinomycetes; phosphate solubilization; indole-3-acetic acid; hydrocyanic acid;
tomato; biofertilizer

1. Introduction

With population increase and territory occupation by humans, improvement of crop productivity
has become one of the major concerns in satisfying food needs worldwide [1]. Application of chemical
fertilizers is the simplest way to qualitatively and quantitatively increase crop yields. For this reason,
demand for fertilizers and pesticides has grown dramatically and is expected to continue growing
more and more in the next years [2]. However, an indiscriminate use of chemicals in agriculture entails
quite a few environmental problems—i.e., water, air, and soil contamination. It causes toxicity in
non-target organisms, as well as in humans due to the occurrence in food as residues. Furthermore,
a decrease of chemicals’ effectiveness was observed due to an ensuing resistance by pests [3].

Biofertilization can replace the use of agrochemicals in agriculture. Biofertilization is considered as
a key element towards the development of a sustainable agriculture. Plant-growth-promoting bacteria
(PGPB) have a positive effect on crop productivity by preserving soil fertility [4], whilst safeguarding
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human health and keeping the diversity of living organisms [5,6]. These microorganisms promote
plant growth and development through several mechanisms (direct and indirect). These include:
Organic matter decomposition and nutritional element recycling [7], atmospheric nitrogen fixation,
mineral solubilization (e.g., phosphorus), and phytohormone production (e.g., auxins, cytokinins,
gibberellins) [8]. These microorganisms help the plant respond to several biotic and abiotic stresses
through different mechanisms, such as 1-aminocyclopropane-1-carboxylate (ACC) deaminase activity,
release of enzymes, and production of siderophores [9–11]. Currently, soil salinity is one of the major
concerns in agriculture [12] that limits water absorption and induces accumulation of toxic ions in the
different plants’ organs [13]. The application of halotolerant plant-growth-promoting (PGP) strains
can be a valid tool to reduce the harmful effects of saline stress and to improve crop productivity [14].

The PGPB group includes a wide range of species [7,9,11,15]. Within this group, a significant
role is played by actinomycetes. These ubiquitous Gram-positive bacteria—aerobic, but with some
anaerobic strains—are widely distributed in the soil, in which they occupy 10% to 50% of the microbial
community [16,17]. They exhibit a remarkable pleomorphism, displaying the greatest differentiation
among bacteria by forming complicated structures, such as spores, spore chains, sporangia, and
sporangiospores. While individual bacteria are rod-shaped or coccoid—the latter form is generally
called a spore or arthrospore, even if it is not a real spore because it is a vital form that divides, keeping
this form—actinomycete colonies form fungus-like branched networks of hyphae. This morphology
allows them to create a strong bond with the soil particles within the rhizosphere, allowing strong
associations with plants [18].

Several authors reported positive influence on plants treated by actinomycete strains, either
singularly or in consortium. In particular, actinomycetes improve plant growth through direct
mechanisms, such as phytohormone synthesis (i.e., indole-3-acetic acid (IAA) [19,20], ethylene,
gibberellic acid, and cytokines [21]), supply of nutrients to plants through the solubilization of essential
elements, such as phosphate [22], production of siderophores, and fixation of atmospheric nitrogen [18].
Moreover, many actinomycetes can control phytopathogens through antifungal, insecticide, and
antibacterial activities [18] and production of hydrolytic enzymes and hydrogen cyanide [23,24].

The aim of the present work was to select actinomycete strains with plant-growth-promoting
traits, to assess their abilities and patterns of root association and colonization, and to determine
their effects on the growth of Solanum lycopersicum. Actinomycete isolates were firstly screened
through several in vitro plant-growth-promoting (PGP) traits (i.e., phosphate solubilization ability,
production of indole-3-acetic acid, hydrocyanic acid, and ammonia, and several enzymatic activities).
Strains with interesting traits were investigated for their root association and colonization abilities
and biostimulant effects on S. lycopersicum. Root association and colonization abilities were studied in
in vitro seedlings using scanning electron microscopy (SEM). Biostimulant properties were assessed
through a greenhouse experiment.

2. Materials and Methods

2.1. Actinomycete Strains and Culture Conditions

Sixty actinomycete strains of the genus Streptomyces sp. and Nocardiopsis sp., isolated from
two different sites in the Northeast region of Algeria—Ezzemoul sebkha (35◦53′14” N; 06◦30′20” E)
and Djendli sebkha (35◦43′15” N; 06◦32′23” E)—as previously reported in Smati and Kitouni [25],
were investigated for their PGP traits.

A primary screening to select PGPB strains was carried out: Abilities to solubilize phosphate and
to produce indole 3-acetic acid (IAA) and hydrocyanic acid (HCN).

Spore production by each strain was determined by cultivation on ISP2 agar medium
(the International Streptomyces Project No. 2) at 30 ◦C for 7 days. Spore suspensions were prepared
by sterile distilled water addition into the plates. The concentration of the spores was adjusted
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spectrophotometrically to a final density of 106 spores mL−1. Spore suspensions were utilized
differently depending on the test carried out (descriptions reported in each paragraph).

2.2. Plant-Growth-Promoting Traits

2.2.1. Phosphate Solubilization

To assess the strains’ ability to dissolve inorganic phosphate, 5 mm agar plugs of each actinomycete
strains (collected from cultivated plates of ISP2 media kept at 30 ◦C for 7 days) were placed in plates
with three different media containing Ca3(PO4)2 as the only source of phosphate: NBRIP (National
Botanical Research Institute’s Growth Medium) [26], PVK (Pikovskaya) [27], and LB (Luria Bertani)
modified by glucose addition. The solubilization ability was estimated by measuring the transparent
area formed around the colony after 7 days of incubation at 30 ◦C. The diameter of the solubilization
halo for each isolate was determined by subtracting colony diameter from the total one (diameter of
the halo – diameter of the colony) [28].

Quantification of solubilized phosphate was carried out in liquid PVK. Spore suspension of each
strain (100 µL) was inoculated in 10 mL of liquid PVK medium and incubated at 30 ◦C for 7 days in a
rotary shaker at 150 rpm. After incubation, the cultures were centrifuged at 3000 rpm for 20 min [28],
and the solubilized phosphorus was quantified in the supernatant by the colorimetric method of Olsen
and Sommers [29].

2.2.2. Production of Indole-3-Acetic Acid

Production of IAA was assessed as described by Wahyudi et al. [21] and modified as follows:
Spore suspension of each strain (100 µL) was inoculated in NBRIP medium supplemented with
tryptophan (0.2% w/v) and incubated at 30 ◦C for 7 days at 150 rpm. After incubation, cultures were
then centrifuged at 3000 rpm for 20 min. A total of 1 mL of supernatant was mixed with 4 mL of
Salkowski’s reagent [30]. The mixture was incubated at 37 ◦C for 30 min away from light sources.
Optical density was read at 530 nm and the concentrations of IAA in the samples were calculated using
the IAA standard curve [31].

2.2.3. Production of Hydrocyanic Acid and Ammonia and Enzymatic Activities

A 100 µL spore suspension of each strain was spread on Trypticase Soy Agar (TSA) medium
supplemented with glycine (4.4 g L−1). A Whatman paper—same diameter as the dish—was soaked
in a solution of picric acid (0.5%) and sodium carbonate (2%), and was placed on top of the agar on
each inoculated Petri dish, sealed with parafilm, and incubated at 30 ◦C for 7 days. The production of
hydrocyanic acid (HCN) was assessed by observing paper color change. A coloring from yellow to
orange or brown indicates production of HCN [32].

The production of ammonia was carried out on peptone water medium; 10 mL of peptone water
was inoculated with 100 µL of each spore suspension. After incubation for 7 days at 30 ◦C, 0.5 mL of
Nessler’s reagent was added to each tube. Yellow color development was considered as a positive
result [33].

Amylase, caseinase, catalase, cellulase, chitinase, gelatinase, lecithinase, lipase, lipoproteinase,
and pectinase enzymatic activities were assessed as follows:

• Amylase: Strains were streaked on the Glycerol Bouillon Agar (GBA) medium (20 g L−1 soluble
starch, 20 mL L−1 glycerol, 10 g L−1 peptone, 5 g L−1 meat extract, 3 g L−1 CaCO3, 15 g L−1

agar—pH 7.0 ± 0.2). The cultures were incubated at 30 ◦C for 7 days, and amylase production was
detected after immersion of the dishes with a Lugol solution. A positive outcome was underlined
by the presence of a clear discoloration zone around the colonies [34].

• Caseinase: Strains were streaked on skim milk agar [35]. After incubation for 7 days at 30 ◦C,
the presence of a clear discoloration zone around the colonies indicates degradation of the
casein [36].
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• Catalase: An isolated colony from ISP2 agar culture was placed on a slide and a few drops of
hydrogen peroxide were deposited on the colony. A positive catalase reaction results from the
appearance of bubbles after the release of O2 [37].

• Cellulase: Strains were streaked on the ISP2 medium supplemented with 1% of cellulose. After
incubation for 7 days at 30 ◦C, dishes were immersed in a Congo red solution (1% w/v) for 20 min
and then washed with a NaCl solution (1N). A positive reaction is indicated by the development
of a clear discoloration zone around the streak [38].

• Chitinase: Strains were streaked on nutrient agar supplemented with 1% chitin. After 7 days of
incubation at 30 ◦C, the appearance of clear areas around the colonies was considered as a sign of
chitinase production.

• Gelatinase: Strains were inoculated in tubes containing nutritive gelatin medium. After an
incubation for 21 days at 30 ◦C, tubes were placed in the refrigerator for 1 h. If the gelatin becomes
solid, this means that it was not attacked; if it remains liquid, this means that an extracellular
enzyme has hydrolyzed it [39].

• Lecithinase, lipase, and lipoproteinase: Strains were streaked on agar medium containing egg
yolk and prepared following the method described by Dellaras [39]. After plate incubation at
30 ◦C for 7 days, the presence of the enzymes was assessed as follows: (i) Lecithinase: Appearance
of an opaque halo of white-yellowish pearl, with a clear edge under the streak or at the borders;
(ii) Lipase: Appearance of an oily and shiny pearly white halo; (iii) Lipoproteinase: Appearance
of a clear halo around the streak [40].

• Pectinase: Strains were streaked on MP7 agar [38]; after incubation for 7 days at 30 ◦C, the dishes
were flooded with a solution of Cu-acetate at 10% for 15 min. The appearance of a clear halo
indicates the presence of pectinolytic activity [41].

2.3. In Vitro Association Study by Scanning Electron Microscopy

Spore suspensions of each strain (106 spores mL−1) were used to inoculate in vitro seedlings to
assess the ability of the actinomycetes to colonize plant roots [42]. Tomato seeds (Solanum lycopersicum)
of the Saint Pierre variety were utilized for the experiments.

To stimulate germination, seeds were put in sterile distilled water for 24 h. Then, they were
sterilized on a 20% (w/v) sodium hypochlorite solution (NaClO) for 15 min in a shaker, followed by
several washes in sterile distilled water. Seeds were then treated in ethanol at 70% (w/v) for 3 min and,
finally, rinsed three times with distilled water for 15 min [43].

Inoculation of seeds was obtained by 1 h of immersion in the inoculum. Control seeds were
treated with the same procedure but using sterile distilled water.

Inoculated and non-inoculated seeds were transferred into culture boxes containing 50 mL of MS
medium—Murashige and Skoog [44]—containing 1% agar and 3% sucrose at a final pH of 5.8, and
incubated in a growth chamber with a controlled environment (22 ◦C, photoperiod 16 h light and 8 h
dark, active photo-synthetical radiation 120 µmol m−2 s−1, 65% relative humidity).

After 8 days, the fresh seedling roots were sampled and sections of 5 mm diameter were prepared.
A solution of 2.5% glutaraldehyde in 0.2 M cacodylate buffer (pH 7.2–7.4) was used to fix sections.
After fixation at 4 ◦C for 24 h, the excised sections were dehydrated in 70% and 100% ethanol (20 min
for every treatment) and treated with Hexamethyldisilazane (HMDS) [42]. The dried samples were
covered with chromium, and the observations were carried out with scanning electron microscopy
(SEM) under the conditions previously described in Pagnani et al. [42].

2.4. Greenhouse Experiment on Solanum Lycopersicum

The fourteen selected actinomycete strains were inoculated on tomato seeds (Solanum lycopersicum)
of the Saint Pierre variety. The seed surface was sterilized with a sodium hypochlorite solution 20%
(v/v) and washed several times with sterile distilled water [45].
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The inoculation was carried out by dipping the seeds in the different spore suspensions (106 mL−1)
for 1 h; seeds immersed in sterile distilled water were used as a control. Inoculated and uninoculated
seeds were sown in pots (Φ = 10 cm) filled with soil (pH 7.9, electrical conductivity 332 µS cm−1,
5% organic matter, and 0.7% humidity rate) and were irrigated with tap water twice a week.

Forty days after sowing (DAS), plants were sampled, collecting shoots and roots separately. The
following parameters were investigated: Lengths, fresh weight, dry weight (oven drying at 105 ◦C for
48 h), ash-free dry weight (AFDW), and chlorophyll contents.

AFDW was determined by subtracting dry weight from the ashes’ weight (obtained using a muffle
furnace at 450 ◦C for 16 h) as follows:

AFDW (%) =
dry weight − ashes weight

dry weight
× 100. (1)

Chlorophyll a (Chla), chlorophyll b (Chlb), and total chlorophyll (Chltot) contents were determined
following the method described by Arnon [46]. Briefly, 0.5 g of leaves from each sample, finely cut, were
homogenized in 10 mL of acetone 80% and stored at−10 ◦C overnight; after centrifugation at 14,000 rpm
for 5 min, supernatant absorbance was read at 663 for chlorophyll a and at 645 nm for chlorophyll b.
The chlorophyll concentrations in the samples were calculated through the following equations:

Chla(mg L−1) = 12.41 (OD 663) − 2.59 (OD 645) (2)

Chlb(mg L−1) = 22.9 (OD 645) − 4.68 (OD 663) (3)

Chltot(mg L−1) = Chla+Chlb. (4)

2.5. Statistical Analysis

Each experiment was carried out in triplicate, and data are presented as mean ± standard
deviation. Data were analyzed by one-way analysis of variance (ANOVA), utilizing Tukey’s Honestly
Significant Difference (HSD) post-hoc test to compare the mean values to a significance level of 5%
(p < 0.05). ANOVA was performed using Statistica 10.0 software (Dell Software, Round Rock, TX,
USA). To evaluate potential correlations among the IAA, phosphate solubilization, and HCN traits
showed in vitro and the plant-growth parameters recorded in the greenhouse experiment, the dataset
was processed by the Principal Component Analysis (PCA) algorithm using XLSTAT 2014 software
(Addinsoft, Paris, France).

3. Results and Discussion

3.1. Plant-Growth-Promoting Traits

To assess the potentiality of any strain to be used as biostimulant and/or biocontrol agent, it is
necessary to establish its plant-growth-promoting (PGP) traits. In our study, different PGP tests
were performed to select promising strains—among the sixty isolates—to improve plant growth and
development. In Figure 1, the graphic summary of the results obtained by PGP tests is shown.



Sustainability 2020, 12, 4617 6 of 19
Sustainability 2020, 12, x FOR PEER REVIEW 6 of 18 

 

Figure 1. Frequencies of strains (%) that showed plant-growth-promoting traits. In the figure, the 

percentages of phosphate-solubilizing bacteria (PSB) and of strains producing IAA (indole-3-acetic 

acid), hydrocyanic acid (HCN), and ammonia (NH3) are shown. 

Most of the strains (70%) were able to produce ammonia, 45% were able to dissolve inorganic 

phosphate, 18% were able to produce IAA, and 22% were able to produce HCN.  

Based on these results, among the 60 strains tested, 14 strains were selected as promising PGPB: 

 D14, Nocardiopsis dassonvillei subsp. dassonvillei (Gene Bank accession MG597514). 

 G10, Streptomyces iakyrus (MG597593). 

 G22, Streptomyces xantholiticus (MG597582). 

 G33, Streptomyces xantholiticus (MG597585). 

 H12, Streptomyces albidoflavus (MG597552). 

 H14, Nocardiopsis aegyptica (MG597543). 

 J4, Streptomyces thinghirensis (MG597590). 

 J13, Streptomyces anulatus (MG597579). 

 J21, Nocardiopsis alba (MG597576). 

 J27, Streptomyces ambofaciens (MG597599). 

 K12, Streptomyces xantholiticus (MG597545). 

 K23, Streptomyces thinghirensis (MG597560). 

 S2, Nocardiopsis aegyptica (MG597572). 

 T45, Nocardiopsis dassonvillei subsp. dassonvillei (MG597502). 

These isolates tolerated up to 10% NaCl during in vitro testing, suggesting halotolerant traits 

[25]. 

3.1.1. Phosphate Solubilization 

The solubilization of phosphate on solid media was revealed by the presence of a discoloration 

zone around the strain colonies. Among the fourteen strains, phosphate solubilization was observed 

in twelve of them. The diameters recorded for these PSB are shown in Figure 2. Strain solubilization 

capability was different based on culture medium. On PVK medium, most of the strains showed 

solubilization capability (79%). In this medium, strain K23 showed the largest solubilization diameter 

(16 mm). On NBRIP medium, ten strains (71%) showed this capability, and the maximum diameter 

(20 mm) was observed for strains H14 and J21. The diameters shown by our strains were wider than 

those reported in similar studies [47,48], but still in line with what was reported by several authors 

for NBRIP and PVK media [49,50]. On LB medium, only one strain (J27) had a solubilization halo, 

with a diameter of 2 mm. This result could be due either to the LB’s richness in nutrients, which does 

not allow bacteria to solubilize inorganic phosphorus [26], or to the fact that bacteria do not need 

phosphate because it is already present in the medium in a more easily assimilable form. 

Figure 1. Frequencies of strains (%) that showed plant-growth-promoting traits. In the figure,
the percentages of phosphate-solubilizing bacteria (PSB) and of strains producing IAA (indole-3-acetic
acid), hydrocyanic acid (HCN), and ammonia (NH3) are shown.

Most of the strains (70%) were able to produce ammonia, 45% were able to dissolve inorganic
phosphate, 18% were able to produce IAA, and 22% were able to produce HCN.

Based on these results, among the 60 strains tested, 14 strains were selected as promising PGPB:

• D14, Nocardiopsis dassonvillei subsp. dassonvillei (Gene Bank accession MG597514).
• G10, Streptomyces iakyrus (MG597593).
• G22, Streptomyces xantholiticus (MG597582).
• G33, Streptomyces xantholiticus (MG597585).
• H12, Streptomyces albidoflavus (MG597552).
• H14, Nocardiopsis aegyptica (MG597543).
• J4, Streptomyces thinghirensis (MG597590).
• J13, Streptomyces anulatus (MG597579).
• J21, Nocardiopsis alba (MG597576).
• J27, Streptomyces ambofaciens (MG597599).
• K12, Streptomyces xantholiticus (MG597545).
• K23, Streptomyces thinghirensis (MG597560).
• S2, Nocardiopsis aegyptica (MG597572).
• T45, Nocardiopsis dassonvillei subsp. dassonvillei (MG597502).

These isolates tolerated up to 10% NaCl during in vitro testing, suggesting halotolerant traits [25].

3.1.1. Phosphate Solubilization

The solubilization of phosphate on solid media was revealed by the presence of a discoloration
zone around the strain colonies. Among the fourteen strains, phosphate solubilization was observed
in twelve of them. The diameters recorded for these PSB are shown in Figure 2. Strain solubilization
capability was different based on culture medium. On PVK medium, most of the strains showed
solubilization capability (79%). In this medium, strain K23 showed the largest solubilization diameter
(16 mm). On NBRIP medium, ten strains (71%) showed this capability, and the maximum diameter
(20 mm) was observed for strains H14 and J21. The diameters shown by our strains were wider than
those reported in similar studies [47,48], but still in line with what was reported by several authors
for NBRIP and PVK media [49,50]. On LB medium, only one strain (J27) had a solubilization halo,
with a diameter of 2 mm. This result could be due either to the LB’s richness in nutrients, which does
not allow bacteria to solubilize inorganic phosphorus [26], or to the fact that bacteria do not need
phosphate because it is already present in the medium in a more easily assimilable form.
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Figure 2. Halo diameters of phosphate solubilization by the actinomycete strains on solid National
Botanical Research Institute’s Growth Medium (NBRIP) and Pikovskaya (PVK) media. For the same
medium (NBRIP or PVK), results followed by the same case letter are not significantly different
according to Tukey’s HSD post-hoc test (p > 0.05).

In Figure 3, the amounts of phosphorus solubilized by the fourteen strains grown in PVK liquid
medium are shown. The highest solubilization was obtained by strain D14 (24.84 µg PO4

3− mL−1,
p < 0.05); lower but similar results were obtained for G22 (23.25 µg PO4

3− mL−1) and H14 (22.2 µg
PO4

3− mL−1) strains. The lowest solubilization rate was recorded for the J13 strain (9.89 µg PO4
3−

mL−1, p < 0.05).
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Figure 3. Concentrations of phosphate (PO4
3−) solubilized by actinomycete strains grown on liquid

PVK medium. Results followed by the same case letter are not significantly different according to
Tukey’s HSD post-hoc test (p > 0.05).

On solid PVK medium, only 11 strains (D14, G10, G22, H12, H14, J4, J21, J27, K12, K23, and T45)
were able to produce a solubilization halo around the colony (2 to16 mm in diameter), while all the
other strains were able to solubilize phosphate on a liquid medium. These results indicate that, despite
the absence of a solubilization halo around the colonies by G33, J13, and S2 on solid medium, they can
solubilize phosphate at considerable rates on liquid PVK medium. This absence of correlation between
solid and liquid PVK solubilization was also statistically confirmed by a correlation test. A weak
negative association was obtained (r = −0.27), suggesting that liquid medium solubilization is a more
reliable technique compared to the solid one [26]. The ability to use Ca3(PO4)2 is also important for
phytohormone production and, thus, for indirectly improving plant growth [31]. Another rhizosphere
microbial mechanism of mineral phosphate solubilization is related to the release of low molecular
weight organic acids, which chelate cations to bind phosphates through their hydroxyl and carboxyl
groups. Therefore, these isolates have the potential to mobilize insoluble inorganic phosphate under
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low phosphate availability [31]. PGP strains that are able to solubilize inorganic phosphate and make
the organic forms available for plant absorption [23,51] have a positive outcome on plant growth [18].
Our findings are consistent with those obtained by several authors [49,52].

3.1.2. Production of Indole-3-Acetic Acid

In Figure 4, the IAA production by the different strains is shown. Among the fourteen
actinomycetes, nine strains (64%) showed the ability to synthesize IAA. Variable production rates
were also detected; the highest amounts of IAA were observed for strain H14 (21.4 µg/mL, p < 0.05),
followed by the T45 (14.75 µg/mL), G22 (12.37 µg/mL) and G10 (12.25 µg/mL) strains. The lowest
production was observed for strains G33 and K12 (7.44 µg mL−1, p < 0.05).
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Figure 4. Concentrations of indole-3-acetic acid (IAA) produced by the selected actinomycete strains.
Results followed by the same case letter are not significantly different according to Tukey’s HSD
post-hoc test (p > 0.05).

IAA is a plant-growth-promoting substance that acts through different metabolic pathways [18,19];
it is involved in root elongation, cell division, and proliferation of root hairs [21,53,54]. Among its
different effects, it stimulates seed germination, seedling length, and dry weight, and it is produced
by many PGPB [19,23,55,56]. About 80% of rhizobacteria are capable of producing indole-3-acetic
acid (IAA) as a secondary metabolite [57]. L-tryptophan is a precursor of IAA production; thus, its
addition to cultural medium generally promotes and increases its synthesis by the bacterium [57]. In
natural conditions, this amino acid is supplied by root exudates [58]. Many studies suggest that small
amounts of IAA are necessary for the primary roots’ growth [55,59] and that bacteria with the ability to
secrete amounts of indole compound higher than 13.5 µg mL−1 have PGP activity. Several species of
actinomycetes have been reported to produce IAA [23], which is influenced by the culture conditions,
the growth phase, and the availability of substrate [60]. Our results are in accordance with the data
present in the literature [21,31,50,61,62], suggesting that the selected strains are good candidates as
biostimulant agents.

3.1.3. Production of Hydrocyanic Acid, Ammonia, and Enzymatic Activities

Hydrocyanic acid production, ammonia, and several enzymatic activities are shown in Table 1.
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Table 1. Hydrocyanic acid, ammonia production, and enzymatic activities detected for the
actinomycete strains.

K12 K23 H12 H14 S2 D14 T45 J4 J13 J21 J27 G10 G22 G33

HCN + + + + + − − + + + + + − +
NH3 + + + + + + + + + + + + + +

Amylase + + + + + + + + + + + − + +
Caseinase + + − + + + + + + + + + + +
Catalase + + + + + + + + + + + + + +
Cellulase − + − + − − + + + + + + + −

Chitinase − − − − − − − − − − − + − −

Gelatinase + + + + + + + + + + + + + +
Lecithinase − + − − + − − + + + − + − +

Lipase − − − + − − + − − − − − − +
Lipoprotease − + + + + + + + + + + − − +

Pectinase + + − + + + − + + + − + + +

HCN production was detected only in eleven of the tested isolates, while the capability to produce
ammonia was expressed for all fourteen strain. For strains D14, G22, and T45, no cyanogenic activity
was observed. Instead, intense HCN production was shown by G10, G33, H12, J4, J13, J27, K12,
K23, and S2 strains. Our findings are comparable with the data present in the literature [56,63,64].
These volatile compounds, in such a low amount, can help the plant to counteract phytopathogens
and stimulate its growth [56,65]. HCN is an inducer of plant resistance [64] that interferes with the
cytochrome oxidase pathway, with toxic effects on sensitive pathogen microorganisms [65].

Many authors report ammonia production as a PGP trait [66], and it has been correlated with plant
root and shoot elongation and increasing plant biomass [67,68]. Ammonia also participates in organic
matter decomposition, resulting in higher plant productivity and higher phytoparasite tolerance [67].
However, high ammonia emission by rhizobacteria is toxic for the plant [69], and ammonia production
should be considered, instead, as a negative trait, unless it is transformed into NO2

− and then into
NO3

− by nitrifying bacteria. Anyway, proteins that allow bacteria to produce ammonia are infrequent
in the rhizosphere, or are present in a very low amount, while nitrifying bacteria are usually present in
the soil.

The different enzymatic activities of the fourteen actinomycete strains are shown in Table 1. All of
the tested strains showed significant enzymatic activities of catalase, cellulase, amylase, proteases,
pectinase, lipases, and chitinase by means of in vitro tests (examples of the outcomes of some enzymatic
activities tests are shown in Figure 5). These results, although not always directly related to the PGP
traits, show some characteristics that can be biotechnologically interesting and of significant commercial
value. Among the indirect mechanisms of plant growth promotion, the production of enzymes is a key
function in the prevention of plant infection caused by pathogens [70]. The presence of hydrolytic
enzymes also plays an important role in soil fertility by degrading complex polysaccharides and
proteins into simpler forms. The latter are given back to the soil, increasing its fertility status [50,71].
Catalase, detected in all strains (Table 1), protects cells against oxidative damages caused by reactive
oxygen species (ROS) by catalyzing the decomposition of hydrogen peroxide into water and oxygen.
Catalase confers to the bacterium a good resistance to various environmental mechanical and chemical
constraints [64,72], giving an ecological advantage. Amylases are thermostable enzymes that contribute
to the degradation of soil organic matter, plant residues, and composting, speeding up the process [71].
Microbial proteases contribute to recycling organic matter in soil and play an important role in the
interactions among soil microbial communities through cell wall protein cleavage [73,74]. Pectinases
are essential for the decomposition of plant residues, contributing to the recycling of carbon compounds
in the soil. Pectinolytic enzymes improve root invasion by bacteria, playing an indispensable role in
plant–microbe interactions [75]. Strain G10 is the only one capable of degrading chitin. Chitinases
inhibit fungal growth by hydrolyzing chitin, which is the major component of the fungal cell wall [66].
These enzymes are very important for biotechnological purposes: They are used in the engineering of
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plants that are resistant to phytopathogens and they can be used also in seed preservation [76]. Lipases
are widely distributed among microorganisms and are of great industrial importance [77]; triglyceride
hydrolysis can significantly contribute to the composting of sewage sludges [71].
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Figure 5. Agar-plate-based (90 mm diameter plates) screening carried out for amylase (A), cellulase (B),
chitinase (C), lecithinase (D), pectinase (E), and caseinase (F) enzymatic activities.

3.2. In Vitro Association Study by Scanning Electron Microscopy (SEM)

Bacterial root colonization can be properly analyzed by SEM. This procedure allows the
understanding of some ecological aspects of the interactions among bacteria and host plants, as well as
rhizocompetence and colonization dynamics inside root tissues.

Association abilities were underlined for all strains by SEM investigation. In Figure 6, one can
observe the SEM micrographs of the control roots (not inoculated) together with roots inoculated
with G10—Streptomyces iakyrus (MG597593)—and H14—Nocardiopsis aegyptica (MG597543)—strains.
These two strains were chosen over the others, as they recorded the best growth rates during in vitro
cultivation of S. lycopersicum. In addition, they are representative of the two genera to which the other
strains belong.

The control (Figure 6A,D) shows clean surfaces (indicator of aseptic conditions), while the G10
and H14 strains’ association on root cell walls was evident at different magnifications (Figure 6B,E and
6C,F, respectively). Seedlings inoculated with strain G10, colonized by clusters of agglomerated spores
(Figure 6B,E), showed remarkable growth in comparison with uninoculated controls. In the case of
the sample inoculated with strain H14, the presence of spores of various lengths, dispersed along the
surfaces of the seedlings (Figure 6C,F), was evident. Our findings are similar to those obtained by
Sreevidya and collaborators [62], who reported the ability of four Streptomyces strains to grow and
adhere to chickpea root surfaces. Regarding Nocardiopsis, as far as we know, the present study is the
first report describing root association ability in in vitro seedlings. Root association ability is a basic
characteristic generally attributed to strains with PGP traits [44,78]. Plant–bacteria associations are
facilitated by root exudates (i.e., aromatic and phenolic compounds, sugars, amino acids, organic
acids, and carbohydrates), which behave as chemo-attractants for microorganisms, helping in root
colonization [62]. Actinomycetes, like other PGPB, have the ability to adhere to plant roots and to
produce different compounds that protect the host plant against biotic and abiotic stress [62]. Beyond



Sustainability 2020, 12, 4617 11 of 19

the production of auxins, gibberellins, and cytokinins [5], which promote plant growth, PGPB release
quorum sensing signals. These molecules promote the synthesis of antimicrobial substances that can
protect the plant against possible pathogens present in the soil [79].
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Figure 6. Micrographs under scanning electron microscopy of fresh roots obtained from eight-day
seedlings of Solanum lycopersicum not inoculated and inoculated with strains G10 and H14. The
control sample (A,D) shows clear surfaces at 10K and 20K of magnification. On the contrary, microbial
colonization is evident at 10K of magnification in seedlings inoculated with G10 (B) and H14 strains
(C). At 20K, G10 (E) and H14 (F) dispersed spores of various lengths.

3.3. Greenhouse Experiment on Solanum Lycopersicum

Tomato seeds were also inoculated with the different strains in a pot greenhouse experiment,
and plants were collected at 40 DAS. The results obtained on shoot and root lengths and AFDW for the
inoculated plants (D14–T45) and for the control plants (CNT) are shown in Figure 7.
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Figure 7. Shoot and root length (A), ash-free dry weight (AFDW) (B) of shoots and roots of tomato
plants (Solanum lycopersicum). Results followed by same case letters are not significantly different
according to Tukey’s HSD post-hoc test (p > 0.05).

Inoculation with actinomycete strains showed variable effects on lengths and AFDW of shoots
and roots. The stimulation of these parameters was different according to the inoculated strain. Shoot
lengths of plants inoculated with K23, G33, T45, H12, and S2 strains recorded the highest values
(p < 0.05), with a shoot length increase of 51% on average with respect to the control. Regarding shoot
AFDW, the highest percentages were recorded for plants inoculated with G33, J4, J21, J13, G22, and H14
strains (p < 0.05). Compared to the control, for these samples, the AFDW increased 24% on average.
The lowest AFWD percentages were recorded for K23 (p < 0.05). Similar trends were underlined by
root lengths and AFDW: The best lengths were recorded with strains D14, H14, G33, and G10, and the
best AFDW was recorded in plants inoculated with strains H14, T45, G22, D14, G10, G33, S2, and J21
(p < 0.05). In these plants, the increase with respect to the control was 63% and 61% for root lengths
and AFDW, respectively. For AFDW, plants inoculated with strain K23 recorded, once again, the lowest
values (p < 0.05).

Plant shoots were also investigated for their chlorophyll a (Chla), chlorophyll b (Chlb), and total
chlorophyll (Chltot) contents, whose results are shown in Figure 8. Inoculation with actinomycete
strains significantly improved shoot chlorophyll contents of inoculated plants with respect to the
control (p < 0.05). Different results were obtained on chlorophyll contents depending on the inoculated
strain. The highest contents (p < 0.05) of Chla were observed in samples inoculated with strains G10,
T4,5 and G22 (statistically similar to each other, p > 0.05). Strain G10 also significantly improved
Chlb contents (p > 0.05) in the shoot, resulting in higher contents of Chltot compared to the other
strains (p > 0.05). These findings clearly show that actinomycete inoculation positively affects plant
morpho-physiological characteristics. Among the PGP traits previously underlined for these strains,
IAA production plays an important role in growth promotion. This hormone is recognized to stimulate
cell elongation—with consequent promotion of plant development—and chlorophyll content. Our
results are in agreement with what was previously reported by other authors for Streptomyces. The
study of Sreevidya and collaborators [62], for example, reported that different Streptomyces strains
increased plant growth parameters of inoculated chickpeas.



Sustainability 2020, 12, 4617 13 of 19

Sustainability 2020, 12, x FOR PEER REVIEW 13 of 18 

strains, IAA production plays an important role in growth promotion. This hormone is recognized 

to stimulate cell elongation—with consequent promotion of plant development—and chlorophyll 

content. Our results are in agreement with what was previously reported by other authors for 

Streptomyces. The study of Sreevidya and collaborators [62], for example, reported that different 

Streptomyces strains increased plant growth parameters of inoculated chickpeas. 

Few studies have been directed to the study of Nocardiopsis, among which the recent work of 

Patel and Thakker [80] reported positive effects on growth and developmental parameters of pearl 

millet. As far as we know, the present work is the first that reports the inoculation of Nocardiopsis on 

tomato plants. 

 

Figure 8. Contents of chlorophyll a (Chla), chlorophyll b (Chlb), and total chlorophyll (Chltot) on 

Solanum lycopersicum not inoculated (CNT) and inoculated with the selected actinomycete strains. 

Results followed by same case letter are not significantly different according to Tukey’s HSD post-

hoc test (p > 0.05). 

To explore potential correlations among IAA production, phosphate solubilization, and HCN 

release traits shown in vitro, as well as the plant growth parameters recorded in the in planta 

experiment, a dataset was processed by the PCA algorithm. Figure 9 reports the PCA biplot obtained 

for the different traits and plant growth parameters (loadings) obtained for the fourteen strains 

(scores). The total variance explained was 61.65%, with the first component (PC1) accounting for 

39.11% and the second (PC2) for 22.53%. From the PCA biplot, different groupings based on 

correlations among traits and parameters are evident. AFDWs of shoots and roots and root length 

obtained by strains D14, G22, and H14, are correlated with IAA and phosphate solubilization. 

Chlorophyll contents promoted by the inoculation with the G10 strain are also positively influenced 

by IAA and phosphate solubilization capability (same positive correlation on PC1), as well as HCN 

(same positive correlation on PC2). The shoot elongation promoted by strains K23, H12, G33, and T45 

is positively correlated with HCN production. These good correlations between in vitro and in planta 

results demonstrate that our in vitro approach allowed the selection of biostimulant strains that are 

also effective in natural conditions. As previously discussed, these traits are usually recognized to 

have positive effects on plant growth and development. 

Figure 8. Contents of chlorophyll a (Chla), chlorophyll b (Chlb), and total chlorophyll (Chltot) on
Solanum lycopersicum not inoculated (CNT) and inoculated with the selected actinomycete strains.
Results followed by same case letter are not significantly different according to Tukey’s HSD post-hoc
test (p > 0.05).

Few studies have been directed to the study of Nocardiopsis, among which the recent work of
Patel and Thakker [80] reported positive effects on growth and developmental parameters of pearl
millet. As far as we know, the present work is the first that reports the inoculation of Nocardiopsis on
tomato plants.

To explore potential correlations among IAA production, phosphate solubilization, and HCN
release traits shown in vitro, as well as the plant growth parameters recorded in the in planta experiment,
a dataset was processed by the PCA algorithm. Figure 9 reports the PCA biplot obtained for the
different traits and plant growth parameters (loadings) obtained for the fourteen strains (scores). The
total variance explained was 61.65%, with the first component (PC1) accounting for 39.11% and the
second (PC2) for 22.53%. From the PCA biplot, different groupings based on correlations among
traits and parameters are evident. AFDWs of shoots and roots and root length obtained by strains
D14, G22, and H14, are correlated with IAA and phosphate solubilization. Chlorophyll contents
promoted by the inoculation with the G10 strain are also positively influenced by IAA and phosphate
solubilization capability (same positive correlation on PC1), as well as HCN (same positive correlation
on PC2). The shoot elongation promoted by strains K23, H12, G33, and T45 is positively correlated
with HCN production. These good correlations between in vitro and in planta results demonstrate
that our in vitro approach allowed the selection of biostimulant strains that are also effective in natural
conditions. As previously discussed, these traits are usually recognized to have positive effects on
plant growth and development.
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Chltot, total chlorophyll; HCN, hydrocyanic acid; LS, length of shoots; LR, length of roots; AFDWR,
ash-free dry weight of roots; AFDWS, ash-free dry weight of shoots; P, phosphate solubilization; IAA,
indole-3-acetic acid.

4. Conclusions

The present study allowed the selection of fourteen PGPB based on their plant-growth-promoting
traits among sixty actinomycetes previously isolated in two Algerian sites. The strains
G10—Streptomyces iakyrus (MG597593)—and H14—Nocardiopsis aegyptica (MG597543)—showed the
best biostimulation abilities during in vitro cultivations of Solanum lycopersicum. Observations by
scanning electron microscopy underlined the good association capabilities of these strains with
seedling roots. Pot greenhouse cultivations of Solanum lycopersicum showed that inoculation with
the fourteen selected actinomycetes enhanced plant growth, improving its morpho-physiological
characteristics. The best in planta biostimulant properties were recorded for plants inoculated with
strain G33 (Streptomyces xantholiticus MG597585), followed by H14, G10, T45 (Nocardiopsis dassonvillei
subsp. dassonvillei MG597502), G22 (Streptomyces xantholiticus MG597582), D14 (Nocardiopsis dassonvillei
subsp. dassonvillei MG597514), and J13 (Streptomyces anulatus MG597579). The other strains also
showed interesting biostimulant properties. Good correlations were recorded among IAA production,
phosphate solubilization, and HCN release in in vitro results, as well as plant growth and development
parameters of samples inoculated with D14, G22, G33, H14, J13, and T45. Further studies should
deal with the combination of these strains in consortium, assess their compatibility, and evaluate a
possible synergistic effect often described for PGPB consortia. Moreover, their effectiveness should be
investigated on different crop plants and under different field conditions. These strains should also be
assayed for their salt stress tolerance in vitro (e.g., ACC deaminase activity, PGP traits under salt stress)
and in planta (e.g., plant tolerance induction). Salinity of soils is one of current agriculture problems
that negatively affects growth and plant development, limiting the productivity of crops. Among the
proposals provided to overcome this problem, there is the use of transgenic plants. However, transgenic
plant development is expensive and takes a long time for product validation. A practical alternative
to reduce negative effects induced by salinity is the use of PGPB. Among them, salt-halotolerant
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strains are physiologically adapted to abiotic changes and can increase the salt tolerance capacity
in plants. Thus, given their origin, promising biostimulant properties, and halotolerant traits, our
strains could find application in crop cultivation on high-salinity soils. Even so, the present study
provides useful information on the utilization of actinomycetal strains as biofertilizers for sustainable
agriculture. The growing environmental concern suggests further research and development of these
new products, which are relevant to human and planet health. Although there is still more fundamental
and applied research to be done, PGPB use rather than use of chemical fertilizers and pesticides—or
with a reduced amount of them—can be a successful agricultural practice worldwide that is both
efficacious and sustainable.
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