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Abstract Locusts are known for their herbivorous diet that

constitutes a nuisance to agriculture worldwide, in Mor-

occo these insects are considered a real threat and are

widely distributed in the country. These insects are

equipped with a digestive system that allows them to digest

huge amounts of plant tissue. To understand the mecha-

nisms allowing this voracity, the current study has focused

on the diversity of gut microbiome using biochemical and

molecular analysis tools, different bacterial isolates were

identified and studied. The present study results showed the

presence of four important bacterial families that are pre-

sent in the intestine of these insects, namely Micrococ-

caceae, Dermabacteraceae, Bacillaceae, and

Pseudomonadaceae. The results of Gram staining showed

that 2 of 11 isolates were Gram-negative bacteria, however,

only 9 bacterial strains were catalase positive. While, 3

strains (Pseudomonas stutzeri S12, Kocuria rhizophila, and

Bacillus thuringiensis S4 and S8) had pectinase activity,

while only one strain (Pseudomonas stutzeri S12) had

cellulase activity.
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Introduction

Orthoptera are one of the most important groups of pests

with more than 12,000 recorded species, of which 500 are

reported to be phytophagous pests that threaten agricultural

production and heavily affect crop production [1]. Thus,

locusts are known for their voracity, high fecundity, as well

as the great mobility over distances [2]. Given its geo-

graphical location and the prevailing climatic conditions,

North Africa and particularly Morocco have experienced

numerous locust invasions since the 1970s [3].

Few species are considered to be significant crop pests.

However, some species, thanks to their gregarious behav-

ior, can become harmful when climatic conditions are

conducive to their development [4]. Furthermore, the

Caelifera group contains the greatest number of pests

among locusts [5].

The three most prevalent locust species in our study

region using the atlas are Dociostaurus marocanus,

Odaepoda fuscoscincta, and Caliptamus barbarous. D.

marocanus is a locust species widely studied in view of its

invasion capacities and the damage it inflicts on crops. It is

one of the main locust pests in Morocco [6]. Its prolifera-

tion is accompanied by important phasic ethological and

morphological modifications [7]. O. fuscoscincta is a spe-

cies that is very responsive at the level of the Middle Atlas

and characterized by its graminivorous diet [8]. C. bar-

barus is considered a non-migrating locust or grasshopper,

however, it can still be harmful to crops [9].

In addition, one of the least studied aspects about the

Orthoptera locusts of Morocco, in general, and those of the

Middle Atlas, in particular, is that of their intestinal

microflora or microbiome [10]. The study of the intestinal

microbiome will allow both the understanding of the

trophic preferences of these arthropods [11], the
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identification of locust control mechanisms in the event of

possible invasions [12], and the expansion of certain ave-

nues of research and innovation, such as the discovery of

bacterial strains with power in bio-industry, biotransfor-

mation, and biodegradation.

The objective of this study was to isolate and study the

biochemical and molecular characteristics of bacteria in the

intestinal microbiome of three locust species (D. maro-

canus, O. fuscoscincta, and C. barbarus) in the Moroccan

Middle Atlas.

Material and Methods

Sampling Area

This study was carried out in three geographical sites in the

Moroccan Middle Atlas, namely Sefrou (MEZDOU sta-

tion, 33.743122; - 4.831745), Guigou (TIJMA station,

33,4,632,950; - 4,8,610,880), and El-Hajeb (AJAABOU

station, 33,5,889,690; - 5,2,613,990) (Fig. 1) between

April and July 2019. Sampling was carried out using an

entomological net, sampling was done at the places where

vegetation was of low height with a coverage of less than

80%. Sampling was done in the morning between 9 and

11 h. When the insects were captured, they were gently

placed in boxes containing holes to allow sufficient venti-

lation and taken to the laboratory for further study.

Identification of Insects

To study the intestinal microflora of locusts from the

Middle Atlas of Morocco, three of the most frequent spe-

cies at each of the sites of the present study were chosen.

Species identification was carried out according to the

determination keys of Chopard and Defaut [13–18], con-

sidering certain databases, such as that of Louveaux et al.

[19].

Study of the locust intestinal microbiome.

Isolation and Purification of the Microbiome of the Studied

Locusts

Dissection of the Insect and Isolation of its Intestine Each

insect was kept at 4 �C for 10 min before being handled to

avoid any regurgitation of the contents of the intestine. The

insects were handled by first breaking the cervical mem-

brane and cutting the ventral nerve cord. The insects were

disinfected by dipping them in ethanol for 2 min, followed

by washing with sterile distilled water. The opening of the

body cavity was performed by a longitudinal ventral inci-

sion. To ensure separation of the different intestinal seg-

ments without creating flows of their contents, double

ligatures between the three parts of the intestine were

performed. The contents of each ligation were then sus-

pended in 3 ml of distilled sterile water and homogenized.

A series of dilutions was then made from the stock solu-

tion, and a 100 ll volume of each dilution was distributed

in petri dishes containing Luria–Bertani (LB) medium and

incubated at 37 �C for 24 h. The resultant bacterial colo-

nies with different morphological aspects were selected

and purified. Then, morphological, biochemical, and

molecular identification was undertaken on the obtained

isolates.

Digestive Tract Physiology of the Investigated Species

The observation of the digestive tract of the three indi-

viduals with a binocular magnifying glass revealed the

presence of a rectilinear tube occupying almost the entire

body, extending from the oral cavity to the anus and cov-

ered with a fatty layer. The digestive tract of these species

showed a linear succession of three parts usually found in

most insects (anterior intestine or Stomodeum, middle

intestine or Mesenteron, and posterior intestine or Proc-

todeum) [20]. However, the size of these parts differed

from one species to another; that of Calliptamus barbarus

was larger than that of the other two species by about

3.4 cm. The stomodeum had a very narrow esophagus and

continued with a crop and gizzard of almost the same size.

The anterior limit of the gizzard consisted of a slight

strangulation, separating it from the crop. The mesenteron
Fig. 1 Geographical location of the studied area, in the middle atlas

of Morocco
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had six gastric caeca. The point of insertion of the Malpighi

tubes marked the passage between the midgut and posterior

intestine. The latter ended to form a rectum that widened

again to give rise to the rectal ampulla.

Biochemical Characterization

Gram Stain and Catalase Test

The phenotypic and biochemical characteristics of the

isolated bacteria were studied using conventional bacteri-

ological methods. Gram staining was carried out as

described by [21], and the catalase test was done by adding

a bacterial colony to a drop of hydrogen peroxide.

Pectinase Activity

Pectinase activity was tested by culturing bacterial isolates

in pectin supplemented agar [22]. After growth of the

bacterial isolates for 5 days at 28 �C, the plates were

soaked with 2% (w/v) hexadethyltrimethylammonium

bromide (CTAB) solution for 30 min, and rinsed with 1 M

NaCl solution to visualize a halo around the bacterial

colony that indicated pectinase production.

Cellulase Activity

Cellulase activity was tested by culturing bacterial colonies

in a minimal medium supplemented with 2% (v/v) car-

boxymethyl cellulose (CMC) for 5 days at 28 �C, accord-
ing to Rangjaroen et al. [22]. After staining with Congo

Red for 5 min and subsequent rinsing with 5 M NaCl plus

0.1% (v/v) acetic acid, the generation of a clear halo

around a colony indicated cellulase production.

Molecular Identification of Bacterial Isolates

Isolates with different morphological aspects were cultured

in LB medium and incubated at 28 ± 1 �C for 24 h in the

dark. A colony was recovered for genomic DNA extrac-

tion. Standard protocols were used to obtain genomic

DNA. Amplification of the 16 s rRNA region of the bac-

teria was performed using universal primers (27F/1492R)

[23] according to the following program: 5 min at 94 �C,
35 cycles of 94 �C for 1 min, 52 �C for 1 min, and 72 �C
for 1 min, followed by a final step of 10 min at 72 �C. The
amplicon was revealed in 1% electrophoresis gel, and PCR

products were then sequenced. The sequences were edited

and aligned using BioEdit software (version 7.0.5.3) and

checked for similarity in Genbank using the Blast program,

before being deposited. Phylogenetic analysis was per-

formed using the sequences published in GenBank. The

resulting sequences were used to generate a phylogenetic

tree to reorganize the isolates into major clusters using

MEGA-X software. Maximum likelihood analysis was

used to estimate the phylogenetic relationships, and the

inferred trees were evaluated by 1000 bootstrap.

Results

Identification of Insects

The three studied species were: O. fuscocincta from the

region of SEFROU at the site ‘‘MEZDOU’’, D. maroc-

canus from GUIGOU at ‘‘TIJMA’’, and Calliptamus bar-

barus from EL HAJEBE at ‘‘AJAABOU’’.

Locust Species Studied

O. fuscocincta (Orthoptera; Acrididae): We found the

concave shape of the vertex in this species to be among the

most discriminating criteria for rigorous identification. The

pronotum was rough and initially narrow [13]; the median

carina of the pronotum was well marked and interrupted by

the typical furrow [14]. The color of this species was brown

ochre to gray. The lateral carina was reduced or absent,

while the median carina of the prozone was slightly pro-

truding and wide at the base [24]. The black band on the

wing was not or only slightly extended in the forefield; the

wing background color was yellow or greenish blue [19]

(Fig. 2a).

Dociostaurus maroccanus (Orthoptera; Acrididae): This

species had a narrowed pronotum anterior to the middle, a

triangular vertex, a lateral carina interrupted in the middle

forming an X-shaped pattern, and three triangular spots on

the superior edge of the posterior femurs. This species was

reported as polyphagous [25]. which has been linked to

nature and the number of sensilla [26]. but without ques-

tioning the nature of the microbiome of this insect

(Fig. 2b).

Calliptamus barbarus (Orthoptera; Acrididae): This

species had a subconical head and fastigium of the vertex,

merging with the frontal edge, which was characterized by

femurs with a large black spot on the internal face [14].

These femurs were generally large, and the basal lobe was

shorter than the superior lobe [27], with a smooth-edged

pallium in the male [28] (Fig. 2c).

Morphological and Biochemical Characterization

Gram Staining and Catalase Test

Gram staining results showed that 2 of 11 isolated bacteria

were Gram negative (Pseudomonas stutzeri S9 and Pseu-

domonas stutzeri S12 strains), while the remaining 10
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bacterial strains were Gram positive. Nine bacterial strains

showed positive catalase activity (Table 1).

Pectinase Activity

Evaluation of the ability of bacterial strains to degrade

pectin showed that three (Pseudomonas stutzeri S12,

Kocuria rhizophila S4, and Bacillus thuringiensis S8) of

the 11 isolated bacteria strains possess this activity

(Table 1).

Cellulase Activity

Among the 11 isolated bacteria, one strain (Pseudomonas

stutzeri S12) possessed the ability to produce cellulase

(Table 1).

Molecular Characterization

The 16S rRNA sequences were deposited in the NCBI

GenBank database with the access numbers listed with the

origin of isolation of each orthoptera in Table 2.

The percentage of similarity was C 96%; two isolates

showed a similarity with Pseudomonas stutzeri. Two iso-

lates were similar to Brachybacterium paraconglomera-

tum, and three bacterial isolates were similar to Kocuria

rhizophila. The rest isolates were identified as Bacillus

thuringiensis, Microcucus luteus, and Exiguobacterium

aurantium, as well as one isolate belonging to the genus

Arthrobacter.

Four families (Micrococcaceae, Dermabacteraceae,

Bacillaceae, and Pseudomonadaceae) were found associ-

ated with the digestive tract microbiome of the studied

locusts. The phylogenetic tree (Fig. 3) demonstrated the

diversity, represented by the digestive tract of these

arthropods.

Discussion

The objective of our study was to characterize the intestinal

microbiome of three locust orthoptera in the Moroccan

Middle Atlas, specifically Oedipoda fuscocincta, Callip-

tamus Barbarus, and Dociostaurus maroccanus. These

species have been the subject of numerous systematic,

ecological, and biodynamic studies, but they have never

been studied for their intestinal microflora. Thus, the

interest of the present study was to fill this gap to under-

stand the mechanisms that influence digestion and to

comprehend the trophic preferences of these locust species

[29]. Furthermore, recent studies have demonstrated the

impact of certain bacterial strains on insect immunity [30].

Fig. 2 The studied locusts: a Oedipoda fuscocincta, b Dociostaurus maroccanus, c Calliptamus barbarous

Table 1 Biochemical

characterization of 11 bacterial

isolates

Bacterial species Gram Catalase Pectinase Cellulase

Brachybacterium Paraconglomeratum S1 ? - - -

Brachybacterium paraconglomeratum S2 ? - - -

Kocuria rhizophila S4 ? ? ? -

Microcucus luteus S5 ? ? - -

Kocuria rhizophila S6 ? ? - -

Exiguobacterium aurantiacum S7 ? ? - -

Bacillus thuringiensis S8 ? ? ? -

Pseudomonas stutzeri S9 - ? - -

Arthrobacter sp S10 ? ? - -

Streptomyces flavoviridis S11 ? ? - -

Pseudomonas stutzeri S12 - ? ? ?
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These models can provide ideas for possible locust control

interventions.

The present work identified the microbiome community

of 3 locust species in three compartments of the digestive

tract (Stomodeum, Mesenteron, and Proctodeum). This

study was carried out through isolations, followed by

molecular identification by sequencing of the gene encod-

ing the 16 s rRNA. The results showed the association of

11 strains distributed in 8 bacterial species, belonging to 4

families, namely Micrococcaceae, Dermabacteraceae,

Bacillaceae, and Pseudomonadaceae, with the digestive

tract of the insects of our study, confirming its microbial

diversity. Other studies have shown significant microbial

diversity in some orthoptera and their location in the

digestive tract [29], which has also been reported in other

insects [31][31].

Among these strains, only two were gram negative,

namely Pseudomonas stutzeri S9 and Pseudomonas stut-

zeri S12, and three had pectinase activity, namely Kocuria

rhizophila S4, Bacillus thuringiensis S8, and Pseudomonas

stutzeri S12. Pseudomonas stutzeri S12 was the only strain

with cellulase activity. Numerous studies have demon-

strated the major role of microorganisms in food digestion,

particularly in insects (Babendreier et al. [33]; Song et al.

[34]). Additionally, MsangoSoko et al. [35] showed that

the intestine of lepidoptera is rich in bacteria with impor-

tant cellulolytic activity.

Similarly, our results showed that Pseudomonas stutzeri

S12 was characterized by positive catalase, cellulase, and

Fig. 3 Phylogenetic tree of

bacteria isolated from the

microbiome of the three studied

insects. The maximum

likelihood method was

implemented using the two-

parameter Kimura model with

MEGA-X software.

Phylogenetic trees were

evaluated by bootstrap analysis

based on 1000 replicates

Table 2 Distribution of bacterial strains in the gut of the three locust species

Locusts species Physiological part of the intestine Bacterial species Accession number

Oedipoda fuscocincta Stomodeum Pseudomonas stutzeri S9 MN921149

Mesenteron Arthrobacter sp S10 MN922612

Kocuria rhizophila S11 MN920431

Proctodeum Pseudomonas stutzeri S12 MN921163

Dociostaurus maroccanus Stomodeum Microcucus luteus S5 MN921162

Mesenteron Kocuria rhizophila S4 MN919646

Proctodeum Brachybacterium paraconglomeratum S1 MN921150

Brachybacterium paraconglomeratum S2 MN919645

Calliptamus barbarus Stomodeum Bacillus thuringiensis S8 MN920291

Mesenteron Exiguobacterium aurantium S7 MN922607

Proctodeum Kocuria rhizophila S6 MN921164
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pectinase activity, and Arthrobacter sp. S10 exhibited

positive catalase activity. The enzymatic activities of these

bacteria can have roles in digestion but can also enable the

insects to have other competencies, such as the ability to

resist insecticides. Almeida et al. [36] showed that Pseu-

domonas sp. and Arthrobacter sp. isolated from the

digestive system of Spodoptera frugiperda were endowed

with insecticide resistance activity. Another study showed

that the presence of a complex of bacteria, including

Brachybacterium Paraconglomeratum, allowed Bombyx

mori (Lepidoptera: Bombycidae) to acquire resistance to

insecticides [37].

Among the studied locust microbiome strains, we

identified Microcucus luteus S5, Bacillus thuringiensis S8.

The latter has been reported to have an important role in

sexual attractiveness in Bactrocera cucurbitae (Diptera:

Tephritidae), Hadapad et al. [38] showed that these bacteria

are capable of producing constituents that promote male

mating attractiveness.

The feeding behavior of insects is highly linked to

microbiome composition [32]. In addition, Joern [39]

reported that locust diets can be influenced by abiotic

factors such as the microclimate in the insect’s habitat and

the biochemical nature of plant substances that may have a

phagostimulant or repellent role, consequently, influencing

trophic preferences.

Conclusion

This preliminary study was done to identify the composi-

tion of the microbiome of certain locust orthoptera in the

Moroccan Middle Atlas. Our results showed that the locust

gut microbiome is characterized by various bacterial spe-

cies. In addition, the enzymatic activities of the gut

microbiome of these insects influenced their digestive

properties and determined their trophic preferences.

The study of the intestinal microbiome, in general, and

in locusts, in particular, will allow us to answer questions

concerning the mechanisms of action of the bacterial flora

on eating behavior, sexual attractiveness, and the mecha-

nisms of insecticide resistance in possible locust control

campaigns.

To understand all the mechanisms of action of the gut

microbiome of these insects and to deepen our knowledge,

further studies should focus on (i) increasing the number of

microbial isolates characterized; (ii) identifying the modes

of action of the microbiome on consumption choices and

trophic preferences of these orthoptera; and (iii) resistance

of certain orthoptera to pesticides through these microbes

and the possible influence on sexual behavior.
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Dociostaurus maroccanus (Thunb 1815). Bull l’Institut Sci

25:81–6
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8. Essakhi D, El Harchli EH, Benjelloun M, Maazouzi N, Mansouri

I, Azzouzi A et al (2015) Contribution A L’Étude Du Régime
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9. Çiplak B (2021) Locust and grasshopper outbreaks in the near

east: Review under global warming context. Agronomy 11:111

10. Rangberg A, Diep DB, Rudi K, Amdam GV (2012) Paratrans-

genesis: an approach to improve colony health and molecular

insight in honey bees (Apis mellifera)? Integr Comp Biol Oxf

Acad 52:89–99

11. Ibanez S, Lavorel S, Puijalon S, Moretti M (2013) Herbivory

mediated by coupling between biomechanical traits of plants and

grasshoppers. Funct Ecol 27:479–489

12. Tan SQ, Yin Y, Cao KL, Zhao XX, Wang XY, Zhang YX et al

(2021) Effects of a combined infection with Paranosema locustae
and Beauveria bassiana on Locusta migratoria and its gut

microflora. Insect Sci 28:347–354

13. Chopard L (1943) Faune de l’empire française Orthoptéroides de
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