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A B S T R A C T   

Lactic acid bacteria (LAB) are a broad group of gram-positive bacteria that have actively been used worldwide in 
food productions due to their nutritional, technological, bioprotection and flavour-related characteristics, which 
define them as powerful biological tools to be used in fermented food applications. LAB are ubiquitous in nature 
and some species have been found in fructose-rich niches, such as insect microbiomes. Twenty-eight LAB species 
were isolated from Apis mellifera, Bombus spp. and Andrena nigroaenea insect sources. Lactococcus lactis was the 
most widespread species in all insect species. A phenotypical characterization analysis based on carbohydrate 
metabolism, subproduct and acid production, pectinolytic activity, citrate uptake, phytate degradation and 
diacetyl production was carried out. Based on this analysis, two strains belonging to Leuconostoc pseudome-
senteroides and L.lactis species were found to be the most suitable strains for use in common food plant matrices. 
The former showed an ability to significantly catabolize raffinose, maltose and citrate, which are present in soy 
beverages, while the latter was able to produce high concentrations of diacetyl and lactic acid, which are relevant 
for the generation of plant dairy alternatives, and noticeably degraded phytic acid, pectin and sucrose mostly 
found in bean, cereal and fruit-based plant matrices.   

1. Introduction 

Lactic Acid Bacteria (LAB) are among the best-studied microorgan-
isms due to their numerous applications in the food industry (Ashaolu & 
Reale, 2020). LAB are ubiquitous in nature and present in multiple 
sources such as milk, plants, meat, animal microbiomes, among others, 
and they have been used in pickled and fermented food production for 
centuries, before their existence was even known of (Ashaolu & Reale, 
2020). Nowadays, LAB have been extensively applied to traditional and 
industrial food fermentations in dairy products such as yogurt, cheese, 
and butter (Bachmann et al., 2012), fermented cereals such as sour-
dough (Bartkiene et al., 2022), as well as plant-based fermented prod-
ucts such as sauerkraut, kimchi and olives (Park et al., 2014). In the past 
centuries, foods were traditionally fermented using autochthonous 
bacteria (and sometimes yeast) as the source of fermentative activity 
(Hu et al., 2020). Nevertheless, in the last century, applied microbiology 
studies and innovation have led to the selection of specific bacteria to be 
applied in specific food matrices, to obtain the desired final 

technological and organoleptic food properties (Ashaolu & Reale, 2020; 
Hu et al., 2020; Mora-Villalobos et al., 2020). Therefore, the transition 
from traditional to industrial food fermentations has been a gigantic step 
in the lacto-fermented food industries. 

Furthermore, the demanding transition from animal-based to plant- 
based food products has been a major focus of the lacto-fermented food 
industries. The market value of plant-based fermented products has been 
increasing by the year due to their notably higher sustainability, health- 
related benefits, lifestyle or dietary reasons of the consumers, in com-
parison to animal-based products (Tangyu et al., 2019; Zioga et al., 
2022). Nevertheless, there are still challenges in terms of sensorial, 
technological and nutritional properties to overcome. Plant-based fer-
mentations include a broad range of vegetables and fruits, but also refer 
to beans, cereals and grains, which have been fermented since ancient 
times. LAB species have shown capabilities such as biopreservation, 
off-flavor elimination, antinutritional factors removal, antifungal ac-
tivity, anti-mycotoxigenic and mycotoxin-binding ability, proteolytic 
action (to release flavor-contributing amino acids) and most 
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importantly, the potential to ferment sugars present in plant-based 
matrices (Waters et al., 2014). 

Cereals, beans and fruit-based plant matrices have been physi-
ochemically studied for food consumption, with some resulting unde-
sirable properties that LAB species have proven to ameliorate by their 
fermenting action. For example, cereals such as oats are characterized 
for containing antinutrients such as phytates, protease inhibitors, raffi-
nose and stachyose, tannins, and polyphenols. It has been possible to 
reduce them using the metabolic abilities of LAB, due to their high 
content in water-soluble fibers, such as β-glucan and arabinoxylan, that 
enhance the proliferation of the LAB strains and allow the antinutrient 
removal (Waters et al., 2014). Soybean is characterized for having high 
contents of sucrose (50%), raffinose (10%) and stachyose (40%); the two 
latter are poorly digestible, causing flatulence (Cai et al., 2021). These 
can be drastically reduced or even eliminated by fermentation with LAB. 
In multiple fruits and vegetables, LAB are able to catabolize pectin-rich 
matrices that are not easily degradable due to their complexity, while 
also degrading tannins and phenolic compounds that are common 
antinutrients found in fruit-based foods, eventually increasing the 
nutrient value of such raw food matrices (Sáez et al., 2018). These mi-
crobial phenotypes are able to modify the rheological and nutritional 
properties of plant-based fermented foods, and thus their use can be 
considered technologically and nutritionally relevant. 

Furthermore, the LAB metabolic production of aroma-like com-
pounds and reduction of plant-based off-flavors, such as hexanal, lead to 
an increase in the plant-based foods sensorial value after fermentation. 
Also, acetoin and diacetyl compounds from the LAB pyruvate meta-
bolism are known for providing buttery odor and flavor, while lactic 
acid and acetic acid are associated to the sour flavor (Sáez et al., 2018), 
all of which are relevant to consider when creating plant-based dairy 
alternatives. Given that all these functionalities have evolved for mil-
lions of years in specific ecological niches, it would be of great relevance 
to investigate plant-derived and associated species in order to isolate 
novel LAB strains with the abovementioned functionalities. 

LAB isolated from insects, mainly from honeybees, have been the 
focus of this study due to their close association to plants and, more 
specifically, to fructose-rich environments. In earlier studies, LAB spe-
cies belonging to Lactobacillus, Leuconostoc, Pediococcus, Weisella and 
Enterococcus were isolated from specific parts of the different honeybee 
species, such as Apis mellifera and their environment (honey stomach, 
honey, bee pollen, bee bread and royal jelly) (Mathialagan et al., 2018). 
Nevertheless, Apilactobacillus kunkeei has been reported as the most 
common fructophilic LAB species (Mathialagan et al., 2018). Addition-
ally, bumblebees from the genus Bombus spp., have been reported as LAB 
sources of many novel species. Based on MALDI-TOF clusters, strains of 
Fructobacillus tropeaoli, Leuconostoc mesenteroides, Apilactobacillus kun-
keei, Enterococcus faecalis and Lactococcus lactis, have been isolated from 
Bombus spp. Besides, other clusters that needed metagenomic analysis, 
were found out to correspond to novel species, which were named 
Lactobacillus bombicola and Weisella bombi (Praet et al., 2015), demon-
strating that insects might be relevant LAB sources for the isolation of 
new species with different phenotypes. Furthermore, Acín Albiac et al., 
2020 demonstrated the industrial benefit when applying LAB isolated 
from fructose-rich niches to cereal-based fermented foods, such as wheat 
bread; using fructophilic LAB species to preferably reduce FODMAPs 
content increased the nutritional values and digestibility properties of 
cereal-based foods. 

In this research study, the phenotypical capabilities of LAB isolated 
from fructose-rich environments, specifically, insects, have been evalu-
ated to develop promising starter cultures for plant-based fermentations. 
Different phenotypes have been considered to screen the best suited 
candidates for plant-based LAB fermentation. Each plant-based source 
has its own characteristics and has been evaluated separately, and 
therefore, not all strains can be considered potentially suitable for all 
plant sources. Technological, nutritional, and sensorial properties of 
fermented plant-based foods were improved by the action of selected 

LAB, derived from insect microbiomes. 

2. Methods 

2.1. Collection, processing and identification of insect samples 

Ten insect samples were collected from Amagerfælled park, Copen-
hagen, Denmark (55.65298261518745, 12.577324784153333 co-
ordinates) using gloves, disinfected with 70% ethanol, and sterile bags 
on the August 5, 2021, between 9:30 and 12 a.m. Then, the samples 
were transported to the laboratory for further processing and isolation of 
LAB. All insect samples were placed into 15 mL tubes and weighted. 
Before weighting, insects were rested in the freezer for 15 min and 
crushed using a sterile spatula, in order to release all microorganisms 
contained inside of them and on their surface. After weighting, the 
concentration of sample was adjusted by the addition of 0.85% NaCl 
solution (saline solution) into a final concentration of 0.66 g sample/L. 
This was followed by an overnight shaking (150 rpm); then the insect 
samples stocks were prepared to a final concentration of 15% (v/v) of 
glycerol and frozen at (− 80 ◦C) for later use. 

Prior to sample preparation, the collected insects were identified 
according to their morphology (Engel, 1999; Lecocq et al., 2013; Meena 
et al., 2018; Plowright & Owen, 1980) and by an image analysis plat-
form (iNaturalist, San Francisco, USA), and classified into 7 different 
species, Bombus sylvarum (1), Apis mellifera (4), Bombus campestris (1), 
Bombus pratorum (1), Andrena nigroaenea (1), Bombus lucorum (1) and 
Bombus terrestris (1). 

2.2. Isolation of LAB strain from insects 

The frozen insect stocks were inoculated into two different liquid 
growth media: MRS (Sigma Aldrich, Saint Louis, USA) supplemented by 
2% (w/v) glucose (MRSG) and MRS supplemented by 2% fructose 
(MRSF). The inoculated samples were incubated for 24 h at 30 ◦C and, 
whereafter, OD 600 was measured using a spectrophotometer to deter-
mine growth in the liquid media. Then, the samples were serially diluted 
with 0.85% NaCl solution. Dilutions of 10− 4 and 10− 6 were used for agar 
plating. The agar plates were prepared with the abovementioned 
composition, with the addition of 1.5% (w/v) of bacteriological agar 
(Sigma Aldrich). The diluted samples were spread into the correspond-
ing agar media and incubated for 24 h at 30 ◦C. Then, ten single colonies 
per plate were picked and subcultured twice by streaking, in order to 
obtain pure cultures. 

2.3. Identification of isolated LAB species from insects 

The species identification of the isolated LABs was performed by 
protein extraction from overnight grown cultures from single colony 
using a MALDI-TOF Biotyper ® Sirius (Bruker Daltonics, Bremen, Ger-
many), which can identify species based on the protein mass to charge 
(m/z) spectra. Whereafter, a standard protein extraction and purifica-
tion method was carried out (Bruker Daltonics, Bremen, Germany), with 
changes to the preparation of microbial biomass. Single colonies were 
grown in 1 mL liquid growth media (MRSG and MRSF) for 16–24 h at 
30 ◦C. The cultures were centrifuged at 4000 g for 1 min; the superna-
tants were discarded and the pellets were kept in Eppendorf tubes and 
washed with miliQ water (or 0.85% NaCl) twice, followed by spinning, 
to remove any remaining protein from the growth media that could 
interfere with the final protein MS spectra. 300 μL of miliQ were added 
to the pellet and vortexed, followed by the addition of 900 μL of 96% (v/ 
v) ethanol solution and vortexing. The mix was then centrifuged at 
14000 rpm for 3 min and the supernatant was discarded. 50 μL of a 
solution of 99% (v/v) of formic acid followed by 50 μL of pure aceto-
nitrile were added to the pellet, vortexed and centrifuged at 15330 g for 
3 min. 1 μL of the pure protein supernatant was then spotted into the 
MALDI target plate in triplicate. The spots were left for drying and then 
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1 μL of matrix mixture was pipetted on the dried spots. The matrix 
mixture was prepared by mixing 475 μL of miliQ water, 500 μL of pure 
acetonitrile, 25 μL of pure trifluoroacetic acid and α-cyano-4-hydrox-
ycinnamic acid. The MALDI target plates were processed in a MALDI- 
TOF Biotyper ® Sirius, where the protein (m/z) spectra of each sam-
ple was analyzed and then matched against a spectral database, enabling 
an identification on a genus/species level. The instrument gives a score 
of 1-3–score values from 1 to 1.69 are considered not reliable, and thus 
the genus/species cannot be determined; scores between 1.70 and 1.99 
refer to identifications that are only reliable on a genus level; and scores 
above 2 correspond to identifications that are reliable on a species and 
genus level. 

2.4. Phenotypical characterization of isolated LAB strains from insects 

Sixteen LAB strains isolated from insects and blonging to the genera 
Lactococcus, Leuconostoc, Weisella, Companilactobacillus and Apilactoba-
cillus spp. were selected for primary phenotypical characterization 
through specific phenotypic assays, in order to test their performance in 
fermentations mimicking plant-based conditions. Firstly, a carbohydrate 
utilization study was carried out with seven different carbohydrates, 
where each strain’s growth, subproduct, and acid formations were 
analyzed. Then, qualitative assays such as pectin and phytic acid 
degradation, as well as citric acid uptake and diacetyl production were 
carried out. 

2.5. Carbohydrate metabolism in isolated LAB strains 

Each LAB strain (16 strains in total) was tested for their growth 
parameter in MRS supplemented with seven different carbohydrates as 
the main C-source: D-glucose, D-fructose, D-galactose, maltose, L-arabi-
nose, sucrose and raffinose at 1.5% (w/v) concentration. Each LAB 
strain was inoculated in a 96-well microtiter plate with seven different 
carbohydrate media (in triplicate) and incubated for 24 h at 30 ◦C. Seven 
carbohydrate media without LAB inoculation were included as media 
controls, and Pediococcus pentosaceus strain was selected as the positive 
control for all carbon source utilization. The absorbance was measured 
every 30 min with the Infinite 200 Pro (Tecan, Männedorf, Switzerland), 
after strain inoculations at OD600 = 0.05. The specific μ (μesp) was 
calculated according to the strain’s growth in each C-source based on the 
linearity of the exponential phase. The specific μ is equal to μmax in the 
exponential phase. Therefore, μesp was calculated through the following 
equation: 

μesp
(
h− 1)=

Ln (OD2) − Ln(OD1)
t2 − t1

(Equation 1)  

2.6. Pectin degradation assay for isolated LAB strains from insects 

The pectinolytic activity of all selected strains was qualitatively 
analyzed based on their ability to degrade pectin in pectin-rich agar 
media, with the method developed by Ruiz Rodríguez et al., 2019. 
Strains were grown in MRSG overnight, centrifuged, washed twice with 
0.85% NaCl solution, and then 5 μL at OD600 = 0.3 dilution were 
spot-inoculated in quintuplicate into MRS agar plates, with 1% (w/v) 
citric pectin instead of glucose as main C-source, and incubated at 30 ◦C 
for 48 h. The results tabulated according to their zone of clearance area 
around the inoculated spot, negative (− ), when there is no clear zone, 
weak (+), when the clearing zone is less or low-intense, moderate (++) 
when the clear zones is less but high-intense, and strong (+++), when 
the clear zone is more and high-intense. P. pentosaceus, which showed a 
strong (+++) clearing zone, served as positive control, and media 
without LAB strain serve as negative control. 

2.7. Phytic acid degradation assay for isolated LAB strains from insects 

Phytic acid degradation assay was conducted according to the 
method extracted from Raghavendra & Halami, 2009 with some modi-
fications. This assay was performed using MRS-MOPS media (containing 
2.19% (w/v) MOPS, 0.4% (w/v) beef extract, 0.2% (w/v) yeast extract, 
0.065% (w/v) phytic acid and 1% (w/v) glucose) in liquid cultures 
replacing the supply of phosphate P from potassium phosphate to phytic 
acid as the only major P-source. This assay reconfirms that P is essential 
for the LAB growth which is necessarily involved in many metabolic 
pathways, for instance, in Adenosine triphosphate (ATP) formation. 
Isolated LAB strains were inoculated at OD = 0.07 and incubated at 
30 ◦C for 24hrs using MRS-MOPS with and without phytic acid (Ther-
moFisher, Waltham, USA) in 96-microwell plates in Infinite 2000 
(Tecan, Männedorf, Switzerland). The ΔOD/Δt over the exponential 
growth phase were calculated and qualitatively divided into four cate-
gories. When the value was over 0.0125 h− 1, or between 0.0083 h− 1 and 
0.0125 h− 1, or between 0.0041 h− 1 and 0.0083 h− 1, “+++”, or “++” or 
“+” were assigned, respectively. If no growth, “-“ was considered. 

2.8. Citric acid uptake assay for isolated LAB strains from insects 

Citric acid uptake qualitative characterization was performed ac-
cording to (Kempler & McKay, 1980) method using agar plates prepared 
with 1% (w/v) nonfat milk, 0.25% (w/v) milk protein-hydrolysate 
peptone, 0.5% (w/v) glucose. Additionaly, 10 mL of two solutions 
were added; the first was 10% (w/v) potassium ferrycyanide, and the 
second was created by mixing 1 g of ferric citrate and 1 g of sodium 
citrate in 40 mL of water. Afterwards, 5 μL of each LAB strain with OD =
0.3 concentration is spot inoculated on plates and incubated for growth 
at 30 ◦C for 48 h. The strains which were able to uptake citric acid 
changed their colour from white to blue. The qualitative results were 
tabulated based on their colour change on the plates. These were divided 
into either negative (− ): with no formation of blue color, positive (+), 
when low intensity blue color was formed and positive (++): when the 
intense (high) blue color was formed. P. pentosaceus was used as positive 
control, whereas media without LAB serve as negative control. 

2.9. Diacetyl production study for isolated LAB strains from insects 

Overnight grown cultures of the selected strains were inoculated 
(OD = 0.07) in 5 mL of MRS supplemented with 2% (w/v) glucose and 
incubated at 30 ◦C for 48 h with agitation of 140 rpm. After 48hrs of 
growth, 2 mL of the culture was supplemented with 1 mL of α-naphthol 
solution (4%, w/v) and 1 mL of KOH (30%, w/v) and incubated at 30 ◦C 
for 30 min. Formation of pink ring in the upper part of the culture tube 
indicates diacetyl production. The results were qualitatively tabulated 
as negative (− ) or positive (+) according to the pink color ring formation 
(Ruiz Rodríguez et al., 2019). An absolute diacetyl solution diluted for 
1:1000 was used as positive control, whereas, only media without LAB 
strains inoculated served as control. 

2.10. Carbohydrates, alcohols and acids by HPLC analysis 

High-Performance Liquid Chromatography (HPLC) was performed to 
quantify sugars, alcohols and organic acids in the primary character-
ization studies with selected LAB strains with substrates (citrate, glucose 
and fructose) and their consumption after inoculation. Especially, the 
focus was on the production of mannitol, ethanol, lactic acid and acetic 
acid generation were analyzed after growing all strains in MRS supple-
mented by 1.5% (w/v) glucose as the sole C-source, during 24 h at 30 ◦C. 
The analysis was performed by using an aminex HPX-87h HPLC column 
(polystyrene divinylbenzene) set at 60 ◦C with a 5 mM H2SO4 as the 
mobile phase and a flow rate of 0.5 mL/min. The samples grown into 2 
mL were centrifuged and the supernatant was filtered through a 0.2 μm 
filter before introducing them into the HPLC. Carbohydrates and organic 
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acids were detected and quantified using a Shodex RI-101 (Showa Denko 
K.K., Japan) refractive index (RI-Detector) detector or by UV absorbance 
at 290 nm with an UltiMate 3000 Diode Array Detector (ThermoFischer 
Scientific, Waltham, USA) in cases where refractive index was not suf-
ficient for detection. Quantification and identification of sugars and 
acids were performed according HPLC chromatogram peak areas related 
to standard curves, which was made by measurement of analytically 
pure standards in 5 mM H2SO4. 

2.11. Statistical analysis 

The statistical analysis has been performed based on one-way 
ANOVA and the Tukey test, both considering a significance level of P 
< 0.05. The analysis has been performed using RStudio (2022.02.1 Build 
461). 

3. Results 

3.1. LAB species isolation and identification by MALDI-TOF 

Insect samples were grown in both MRSG and MRSF media for 24 h, 
at 30 ◦C, anaerobically, for isolation and identification, for a total of over 
200 colonies from 10 different environmental samples. From these 
processed insect samples, 31 different LAB strains belonging to 12 
different LAB species were isolated according to MALDI-TOF analysis. 
Other non-LAB species were also isolated, such as Serratia marcescens, 
Pantoea agglomerans and Hafnia alvei, but only LAB were of interest for 
this project. Within the identified group of LAB, four species were 
considered Qualified Presumption of Safety (QPS) by the EFSA: Lacto-
coccus lactis, Lactococcus lactis ssp. lactis, Leuconostoc citreum, Leuconostoc 
pseudomesenteroides (Table 1). Among the LAB species isolated and 
identified, Lactococcus lactis species was the predominant (10), followed 
by Weisella minor (5) and Leuconostoc pseudomesenteroides (4). Compa-
nilactobacillus paralimentarius, Leuconostoc citreum and Weisella cibaria 
were found only in samples isolated from Andrena nigroaenea. 

Interestingly, Apilactobacillus kunkeei, a fructophilic LAB species, was 
uniquely isolated from Apis mellifera samples. 

3.2. Primary phenotypical characterization identified LAB strains from 
insects 

Among the thirty-one LAB strains isolated from insect samples, 
sixteen LAB strains were selected for primary phenotypical character-
ization. These were further characterized considering the unexplored 
different LAB species from diverse species sources (Table 2). Out of these 
sixteen LAB strains, Weisella spp., A. kunkeei and C. paralimentarius were 
not classified as QPS strains under EFSA (Qualified Presumption of 
Safety (QPS) | EFSA), but they were selected to investigate the possible 
phenotypical differences between LAB species. Besides, lactobacilli 
could be a potential candidate for QPS approval in the future. The pri-
mary plant-based phenotypic characterization was based on carbohy-
drate metabolism (glucose, fructose, galactose, maltose, sucrose, 
arabinose and raffinose), subproduct and acid production (ethanol, 
mannitol, lactic acid, acetic acid), pectinolytic activity, citrate uptake, 
phytic acid degradation and diacetyl production. 

3.2.1. Carbohydrate metabolism isolated LAB strain from insects 
All sixteen LAB strains isolated from insects were able to metabolize 

glucose, fructose, maltose and sucrose to a higher extent than galactose, 
arabinose or raffinose (Table 3). The species L.lactis and L. lactis ssp. 
lactis’ growth were significantly higher with glucose, fructose and su-
crose. Especially, L. lactis ssp. lactis (strain 14) was found to be statisti-
cally significant (P < 0,05) at catabolizing maltose (0.41 h− 1) and 
arabinose (0.26 h− 1) in comparison to the other strains belonging to the 
same species. Apart from strain 14, only the three other strains of L. lactis 
(strains 1, 11 and 15) were able to grow in the presence of arabinose. 
None of the screened strains were high performants with raffinose (max. 
0.08 h− 1). While few grew slightly in galactose, L. lactis (strain 4) was 
the most well-suited to utilize it (0.14 h− 1), statistically.. Some studies 
have investigated the differences in sugar metabolism between Lacto-
coccus sp. strains isolated from dairy and nondairy niches. Some 

Table 1 
List of LAB species isolated and identified by MALDI-TOF from the ten collected 
insect species: B. sylvarum, A. mellifera, B. campestris, B. pratorum, B. lucorum, B. 
terrestris and A. nigroaenea, with the number of strains isolated, the growth 
media used for isolation and the QPS status qualification (EFSA) of the isolated 
species.  

LAB species Source of isolation Nº 
Strains 

Growth 
media 

QPS- 
status 

Lactococcus lactis Bombus sylvarum, Apis 
mellifera, Bombus 
campestris, Bombus 
pratorum, Bombus 
lucorum, Bombus 
terrestris 

10 MRSG/ 
MRSF 

Yes 

Lactococcus lactis ssp 
lactis 

Bombus pratorum, Apis 
mellifera 

3 MRSF Yes 

Weisella minor Bombus lucorum, 
Bombus pratorum, Apis 
mellifera 

5 MRSG/ 
MRSF 

No 

Leuconostoc 
pseudomesenteroides 

Bombus pratorum, Apis 
mellifera, Bombus 
terrestris, Bombus 
lucorum 

4 MRSG/ 
MRSF 

Yes 

Companilactobacillus 
paralimentarius 

Andrena nigroaenea 1 MRSG No 

Weisella cibaria Andrena nigroaenea 1 MRSG No 
Weisella viridescens Apis mellifera 1 MRSG No 
Apilactobacillus kunkeei Apis mellifera 2 MRSG No 
Leuconostoc citreum Andrena nigroaenea 1 MRSG Yes 
Enterococcus faecium Bombus pratorum 1 MRSG No 
Enterococcus faecalis Apis mellifera 1 MRSF No 
Enterococcus 

moraviensis 
Apis mellifera 1 MRSG No  

Table 2 
LAB strains selected for further primary phenotypical characterization. 
Nomenclature, insect species, growth media used, and the MALDI-TOF score are 
included in this table. *Those were with low MALDI-TOF score were sent for 
identification by 16S-DNA sequencing to reconfirm its species level 
classification.  

Nomenclature Source Media Species MALDI-TOF 
score/*16S- 
DNA seq. 

1 B. sylvarum MRSG Lactococcus lactis 2.24 
3 A. mellifera MRSG Leuconostoc 

pseudomesenteroides 
1.63* 

4 B. campestris MRSG Lactococcus lactis 2.47 
5 A. nigroaenea MRSG Companilactobacillus 

paralimentarius 
2.12 

6 A. nigroaenea MRSG Weisella cibaria 2.34 
7 A. mellifera MRSG Leuconostoc 

pseudomesenteroides 
1.88 

8 A. mellifera MRSG Lactococcus lactis 2.3 
9 B. pratorum MRSF Weisella minor 1.74* 
10 B. pratorum MRSF Lactococcus lactis ssp. 

lactis 
2.31 

11 A. mellifera MRSF Lactococcus lactis ssp. 
lactis 

1.69* 

12 A. nigroaenea MRSF Leuconostoc citreum 1.86 
13 A. mellifera MRSF Weisella minor 1.69* 
14 A. mellifera MRSF Lactococcus lactis ssp. 

lactis 
2.28 

15 A. mellifera MRSF Lactococcus lactis 2.34 
18 A. mellifera MRSG Apilactobacillus kunkeei 1.95 
19 B. terrestris MRSG Leuconostoc 

pseudomesenteroides 
2.04  
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Lactococcus sp. strains isolated from plants were able to degrade arabi-
nose, which is one of the main plant sugars, as well as sucrose, xylose 
and α-glycosidases, such as raffinose (McAuliffe, 2018). 

Moreover, L. pseudomesenteroides strains were good at utilizing 
glucose, fructose, sucrose and maltose; the only exception was strain 3, 
which did not catabolize sucrose. In contrast to L. lactis, 
L. pseudomesenteroides (strain 7) degraded significant amounts of arab-
inose (P < 0,05), while all L. pseudomesenteroides strains were able to 
metabolize raffinose. Also, one W. minor strain (strain 9) grew optimally 
in glucose, fructose, galactose, arabinose and maltose, but was unable to 
degrade raffinose. On the other hand, another W. minor strain (strain 13) 
was barely growing in the presence of any sugars. Apart from W. minor 
species, W. cibaria managed to grow in the same sugars as strain 9 but 
was unable to metabolize galactose. Nevertheless, it was growing 
significantly better in sucrose, arabinose and maltose than W. minor 
(Table 3). Furthermore, two different strains, C. paralimentarius and 
A. kunkeei, showed different patterns of sugar metabolism; A. kunkeei 
grew optimally and was better at utilizing fructose, but was a slow 
grower and a poor utilizer of glucose, sucrose and raffinose, while 
C. paralimentarius had the ability to metabolize glucose, fructose, 
galactose and sucrose significantly, but barely utilized maltose, arabi-
nose and raffinose. 

3.2.2. Citrate uptake and diacetyl production in LAB strains isolated from 
insects 

HPLC analysis showed that the best citrate-degrading strains were 
L. pseudomesenteroides (7), L. lactis spp. lactis (10 and 11) and W. minor 
(13), which was degraded under concentrations of 450 mg/L at the end 
of the 48h-fermentation (Fig. 1). Moreover, the qualitative plate assay 
also confirmed strains 7, 11 and 13 as the most effective in citrate uptake 
based on blue color formation (Table 4). Nevertheless, strain 10 did not 
form blue color after 24h of fermentation, while strain 8 showed 
prominent color formation, but, in the latter, the citrate decrease was 
not observed with HPLC analysis. Both strains C. paralimentarius (5) and 
W. minor (9) changed color during the plate assay, while degrading 
citrate to more than half of its initial concentration when analyzed in the 
HPLC (Fig. 1). 

In terms of diacetyl production, three strains, C. paralimentarius (5) 
and two L. lactis spp. lactis (strains 14 and 15), were able to produce 
diacetyl after 48h of growth in MRS glucose under 4 G of agitation. This 
setup was used to increase the oxygen transfer to the cells, to enable an 
oxygen-dependent non-enzymatic mediated reaction that produces 

diacetyl from α-acetolactate (Wang et al., 2019) (Table 4). 

3.2.3. Pectinolytic activity and phytic acid degradation of isolated LAB 
from insects 

All Lactococcus sp. strains were the best degraders of pectin and 
phytic acid (Table 4). Specifically, strains 4, 14 and 15 showed the 
highest pectinolytic activity, while strains 6, 8, 10, 11, 13 and 18 carried 
out a better degradation of phytic acid after 24h of fermentation at 
30 ◦C. Interestingly, C. paralimentarius and A. kunkeei were also able to 
degrade pectin, but only the latter degraded phytic acid significantly. 
Although all characterized strains came from insect microbiota, their 
diets mainly consist of pectin-rich substrates; this may explain the 
strain’s niche adaptation ability to degrade this C-source (Siezen et al., 
2008). The same logic can be applied to the phytic acid degrada-
tion–although its degradation is related to the action of phytase enzy-
matic activity, some LAB have shown the ability to degrade this 
antinutrient without the presence of its gene (phyA, B, C) on its genome 
sequence. Therefore, this action may be related to the activity of alkaline 
phosphatases (de Lacerda et al., 2016). 

3.2.4. Primary detection of acids and by-products generated after 
fermentation with LAB isolated from insects 

All Lactococcus sp. strains consumed glucose and fructose down to 
concentrations of 800 mg/L and 250 mg/L, respectively. Strain 14 
consumed both substrates at significantly higher rates (P < 0,05) (down 
to 100 mg/L of glucose, 90 mg/L of fructose) than the other lactoccoci 
(Fig. 1). In addition, strains 10, 11 and 14 consumed significantly three 
times more citrate than the other lactococci. 

All Leuconostoc spp. behaved metabolically different from the other 
strains. L. pseudomesenteroides (strain 19) consumed glucose entirely 
(down to 100 mg/L) and L. pseudomesenteroides (strain 7) degraded most 
of the citrate (Fig. 1). 

W. cibaria consumed glucose better than W. minor strains (P < 0,05). 
Contrarily, W. minor strains metabolized citrate better than W.cibaria. 
W. minor (strain 9) was the best degrader of fructose. Finally, both 
C. paralimentarius degraded fructose significantly better than the other 
species. However, A. kunkeei was not good at utilizing glucose nor citrate 
(Fig. 1). 

In terms of fermentation products, most of the homofermentative 
species (Lactococcus spp. and C. paralimentarius) were unable to produce 
ethanol. Interestingly, Lactococcus sp. (strains 10, 11 and 14) produced 
ethanol in high concentrations. In contrast, heterofermentative species 

Table 3 
Plant carbohydrate consumption by the selected LAB strains after 24 h, at 30 C. Growth of the strains observed by continuous OD measurement and utilization 
carbohydrates: glucose, fructose, galactose, maltose, arabinose, sucrose and raffinose (15 g/L) were the selected and the values are μesp (h− 1) taken from the 
exponential growth phase of each strain into each C-source. Means followed by the same superscript (a-m) letters do not differ statistically based on the Tukey test with 
a 5% probability.  

Strains μesp (h− 1)* 

Strain Nº Glucose Fructose Galactose Maltose Arabinose Sucrose Raffinose 

L. lactis 1 0.32b 0.33e 0.12d 0.12i 0.18f 0.27g 0.00i 

L. pseudomesenteroides 3 0.11f 0.2j 0.02j 0.12h,i 0.02i 0.08l 0.10c 

L. lactis 4 0.17e 0.35c 0.15b 0.11h 0.01i,j 0.38d 0.00i 

C. paralimentarius 5 0.21d 0.41b 0.13c 0.09j 0.01j 0.39d 0.01i 

W. cibaria 6 0.29b 0.24g 0.01k 0.41a 0.27b 0.56a 0.00i 

L. pseudomesenteroides 7 0.15e 0.24g 0.00m 0.33b 0.32a 0.41c 0.28a 

L. lactis 8 0.32b 0.34d 0.08g 0.17e 0.00k 0.18i 0.09d 

W. minor 9 0.52a 0.33e 0.15a 0.13f 0.25d 0.36e 0.07e 

L. lactis ssp lactis 10 0.17e 0.18k 0.04i 0.23d 0.02i,j 0.09j 0.02h 

L.lactis ssp lactis 11 0.34b 0.44a 0.13c,d 0.18e 0.22e 0.09j,k 0.07e 

L. citreum 12 0.26b,c 0.23h 0.01l,m 0.13g 0.26c 0.2h 0.03g,h 

W. minor 13 0.10f 0.13l 0.02k 0.12h,i 0.00k 0.08k 0.03g 

L. lactis ssp lactis 14 0.27b,c 0.32e 0.11e 0.41a 0.26c 0.54b 0.05f 

L. lactis 15 0.29b,c 0.30f 0.1f 0.12h,i 0.17g 0.091j 0.00i 

A. kunkeei 18 0.06g 0.21i 0.01k,l,m 0.01k 0.02i 0.04m 0.07e 

L. pseudomesenteroides 19 0.28b,c 0.22i 0.06h 0.32c 0.04h 0.28f 0.22b 

P. pentosaceus PC 0.30 0.25 0.12 0.24 0.12 0.20 0.21 

*98% of the standard deviations were below 0.01. 

G.E. Sedó Molina et al.                                                                                                                                                                                                                        



LWT 167 (2022) 113797

6

of all Leuconostoc spp., W. cibaria and W. minor (strain 13) produced 
ethanol. Overall, only a few strains produced mannitol at elevated levels 
(Fig. 1). L. citreum and A. kunkeei were considered to be high mannitol 
producers. In particular, A. kunkeei did not produce ethanol but did 
produced high concentrations of mannitol, which is directly related with 
fructose consumption (Gilberto Martínez-Miranda et al., 2022), as this 
compound is the final electron acceptor (regenerating NADH) through 
the mannitol dehydrogenase activity. In terms of acid production, there 
were some significant differences among the strains in the production of 
acetic acid. The homofermentative C. paralimentarius strain was the best 
lactic acid producer. A. kunkeei did not produced high concentration of 
lactic acid in comparison with the other species. Moreover, Lactococcus 
sp., W.minor, W. cibaria and the rest of Leuconostoc citreum produced 
lactic acid at similar rates. 

4. Discussion 

Biodiversity and isolation studies of LAB in Apis mellifera bee species 

reported some of the earlier described gram-positive species, such as 
Enterococcus and Lactobacillus spp., in the bee’s gut (Carina Audisio 
et al., 2011). Iorizzo et al., 2022 reported that some LAB species could be 
endemic in the bee’s alimentary tract, and that their abundance could 
vary depending on environmental or nutritional causes. In this study we 
found, in addition, LAB species Lactococcus spp., Leuconostoc pseudo-
mesenteroides, Weisella spp., Apilactobacillus kunkeei, C. paralimentarius in 
bee microbiomes. Particularly, Apilactobacillus kunkeei has been world-
wide associated to honeybee, due to its presence in flowers, beehives, 
and their food stores. This species is associated with the core beehive 
bacteria and, therefore, with the bee nurse workers and the developing 
larvae (Iorizzo et al., 2022). Furthermore, Weisella minor and Leuco-
nostoc citreum species have not been found in bee microbiota (Corby--
Harris et al., 2014; Kešnerová et al., 2019). However, they can be found 
in high-fructose content sources such as flowers and other plant organs, 
suggesting that they might be present on bee’s surfaces (areas in contact 
with plants) instead of being part of the inherent bee biodiversity 
(Behare et al., 2020). 

Fig. 1. Substrate’s consumption and products generation by the LAB strains selected using MRSG, 24h, 30 ◦C, in HPLC. Glucose consumption (mg/L) (top left), 
fructose and citrate consumption (mg/L) (top right), ethanol and mannitol production (mg/L) (bottom left) and lactic and acetic acids production (mg/L) (bottom 
right). Means followed by the same letters (in each compound) (a–h) do not differ statistically based on the Tukey test with a 5% probability. Printed in color. (For 
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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Apart from bees, a study described the isolation of a variety of 
Lactobacillus, Lactococcus, Leuconostoc and Weisella spp. from Bombus 
spp. (Praet et al., 2015). Various species reported in said study were 
similar to those found in this project (see Table 1), but some were 
different. Lactococcus lactis strains were isolated in both studies, but 
Leuconostoc and Weisella spp. differed (see Table 1). The fact that the 
studies were conducted in different locations, seasons and environ-
ments, as Praet et al.’s study was carried out in Ghent, Belgium, might 
explain some of the differences in biodiversity. Lastly, the gut micro-
biota of the wild bee Andrena nigroaenea had not been previously 
investigated, but it may be relevant for LAB isolation due to the large 
LAB biodiversity found in this bee species in this study. 

In terms of carbohydrate metabolism (see Table 3), obligate homo-
fermentative LAB, such as Lactococcus spp. and few Lactobacillus spp., 
usually lack the phosphoketolase enzyme, which is the key enzyme to 
catabolize pentoses such as arabinose, and thus these bacteria show no 
acid production (Bintsis, 2018). Nevertheless, 4 strains of L. lactis 
(strains 1, 11, 14 and 15) showed an ability to degrade pentoses. This 
ability could be explained by the adaptative evolution of these strains to 
the bee environment from where they were isolated, which could be of 
relevance for fermentation purposes as these LAB would be able to uti-
lize plant pentoses as carbon substrates, enhancing the metabolic per-
formance of the strains and their functionalities. 

Most of the strains were able to catabolize glucose, fructose, maltose, 
and sucrose as expected. D-galactose can be degraded by all Lactobacillus 
spp. and Lactococcus spp. through the tagatose or Leloir pathways, while 
some Leuconostoc spp. and Weisella spp. lack this degradation ability 
(Gundogan, 2000). For instance, over 90% of the strains of L. citreum, W. 
cibaria and W. minor are unable to metabolize D-galactose, while 90% of 
L. pseudomesenteroides can (Gundogan, 2000). These species-related 
features were further demonstrated in the results of this study. 
Furthermore, raffinose is not usually metabolized by Lactococcus spp. 
nor most of Weisella spp. due to their lack of ɑ-galactosidase and/or 
β-fructosidase genes (Fritsch et al., 2015). Contrarily, 
L. pseudomesenteroides is the only species of this study whose ability to 
degrade raffinose had been previously described, and this was supported 
by the results of the present study. L. citreum being barely able to 
perform raffinose catabolism was also confirmed (Gundogan, 2000). 
Raffinose metabolism is relevant for fermented bean- and cereal-based 
foods because of their high raffinose content and its antinutritional 
characteristics. 

In terms of species, A. kunkeei is defined as a strict fructophilic LAB, 
which could explain why this species was only able to degrade fructose 
optimally (see Table 3). MRS media does not have a high concentration 
of fructose (without considering the added C-source), but this may be 
necessary in order to perform a co-metabolism with any other 

carbohydrate (Endo et al., 2012). The species’ inability to catabolize 
other carbohydrates when fructose is not present could make it relevant 
for studying how its metabolism is redirected and, therefore, exploring 
biotechnological applications. 

C. paralimentarius is a homofermentative species of lactobacilli which 
lacks the ability to catabolize pentoses such as arabinose, which is 
consistent with our findings (see Table 3). However, it degraded glucose, 
fructose and maltose, similarly to an earlier study by Paramithiotis et al. 
(2007). More importantly, in this research, this species was also found to 
catabolize sucrose, in contrast with the previously mentioned article 
that characterized C. paralimentarius isolated from sourdough. This fact 
is important due to the significantly high concentration of sucrose in all 
plants, which can be used as a potential source of energy by LAB. 

Citrate metabolism and diacetyl production have a closely related 
catabolic pathway. Citrate is converted to oxalacetate, pyruvate and 
then two molecules of the latter are condensed into ɑ-acetolactate and 
finally oxidized (with O2 availability) into diacetyl by a decarboxylation 
reaction (non-enzymatic) (Wang et al., 2019). The production of 
diacetyl can be also related to the glycolytic pathways, which happens 
when citrate is present at lower concentrations. One of the major 
problems of diacetyl production is that this molecule is somewhat un-
stable and converted easily into acetoin, by a reduction reaction which is 
carried out by acetoin reductase, via the oxidation NADH+H+ into 
NAD+. In the presence of oxygen, the accumulation of diacetyl in the 
media increases due to the oxidation of NADH by the NADH oxidase, 
decreasing the reductive ratio of diacetyl into acetoin (Wang et al., 
2019). C. paralimentarius and both strains of L. lactis (strains 14 and 15) 
produced diacetyl and consumed citrate down to concentrations of 871, 
527 and 1712 mg/L after 24h. of fermentation. Suggesting their meta-
bolic relationship. Only the homofermentative LAB were able to produce 
diacetyl, which could suggest their usage in plant-based dairy fermented 
foods when aiming for buttery and sour aromas. 

The degradation of pectin involves many different enzymes that were 
not specifically characterized in this project, while phytic acid degra-
dation may also involve unspecific phosphatases that would release 
phosphates from m-inositol complex. It was found that Lactococcus sp. 
strains were the best performers in pectin and phytic acid degradation 
(see Table 4). More specifically, strains 4, 14 and 15 showed the highest 
pectinolytic activity, while strains 6, 8, 10, 11, 13 and 18 performed a 
better degradation of phytic acid. In addition, C. paralimentarius 
degraded pectin while A. kunkeei showed an ability to degrade both 
phytate and pectin at high rates. These phenotypes would be of rele-
vance when working with either fruit, cereal, or bean-based plant foods. 

When looking at the subproducts formed after fermentation in MRS 
media, the metabolic production of mannitol varied between the homo- 
and heterofermentative LAB species (see Fig. 1). The production of 

Table 4 
Qualitative phenotypical characterization of the LAB strains selected. Citrate uptake, pectinolytic activity, phytic acid degradation and diacetyl production are the 
phenotypes tested.  

Species Strain Nº Citrate Uptake Pectinolytic activity Phytic acid Degradation Diacetyl Production 

Lactococcus lactis 1 – ++ ++ – 
Leuconostoc pseudomesenteroides 3 – – n.d. – 
Lactococcus lactis 4 – +++ ++ – 
Companilactobacillus paralimentarius 5 – ++ – +

Weisella cibaria 6 – + +++ – 
Leuconostoc pseudomesenteroides 7 ++ + – – 
Lactococcus lactis 8 ++ ++ +++ – 
Weisella minor 9 – + – – 
Lactococcus lactis ssp lactis 10 – + +++ – 
Lactococcus lactis ssp lactis 11 ++ – +++ – 
Leuconostoc citreum 12 – – – – 
Weisella minor 13 ++ + +++ – 
Lactococcus lactis ssp lactis 14 + +++ ++ +

Lactococcus lactis 15 + +++ – +

Apilactobacillus kunkeei 18 – – +++ – 
Leuconostoc pseudomesenteroides 19 – + + – 
Pediococcus pentosaceus PC + + n.d. –  
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mannitol by homofermentative LAB is mediated by mannitol 1-phos-
phate dehydrogenase, that converts fructose 6-phosphate (the first in-
termediate of hexose fermentation of homofermentative LAB) into 
mannitol 1-phosphate by reducing NADH+H+ to NAD+, while in het-
erofermentative LAB, this is mediated by mannitol 2-dehydrogenase, 
that produces mannitol from fructose, thus confirming a direct corre-
lation between both sugars (Gilberto Martínez-Miranda et al., 2022). In 
general, the production of secondary metabolites such as mannitol is 
hampered by lactate dehydrogenase activity in homofermentative spe-
cies, even though the major end-product of homofermentative LAB is 
lactic acid. In rare cases, other metabolites are produced instead of lactic 
acid, therefore, mannitol is thought to be produced via an alternative 
pathway to generate NAD+ (Gilberto Martínez-Miranda et al., 2022). 
L. citreum and A. kunkeei were the heterofermentative LAB producers of 
mannitol and they consumed fructose to low levels (197 and 322 mg/L). 
Specifically, A. kunkeei only degraded fructose and produced mannitol, 
which might suggest a developed preference for using mannitol dehy-
drogenase when generating NAD+ as a defined strict fructophilic spe-
cies, as well as using fructose as substrate for ATP generation and as the 
final electron acceptor at the same time (see Fig. 1). 

In terms of ethanol production, three strains of homofermentative 
Lactococcus lactis ssp. lactis (strains 10, 11 and 14) produced high con-
centrations of ethanol (817, 1860 and 3697 mg/L) after 48h of 
fermentation (see Fig. 1). Generally, the metabolic flux of homo-
fermentative LAB is mostly focused on the production of lactic acid in 
the presence of excess sugar substrates, because pyruvate metabolism in 
homolactic species is normally focused on lactate dehydrogenase ac-
tivity, reducing pyruvate into lactic acid. It has been previously sug-
gested that, when the sugars are the limiting factor for 
homofermentative species, there might be a switch in the major path-
ways that would redirect the generation of lactic acid into other meta-
bolic subproducts such as ethanol (Bintsis, 2018). In this case, high 
ethanol and lactic acid production by homofermentative LAB might be 
explained by successive metabolic changes throughout the fermentation 
process. Normally, when glucose is the most abundant sugar, the 
pathway is directed towards the production of 1 mol of ethanol using 
4H+, generated via the decarboxylation of fructose-6P, instead of the 
acetic acid generation pathway, which is favored when other electron 
acceptors are present, such as O2 (Bintsis, 2018). 

Fig. 2 shows the overall phenotypical characterization of the sixteen 
investigated strains, resulting in a wide variety of phenotypes and 
possible applications. As an overall remark, specific strains need to be 
considered for specific food matrices. For instance, 
L. pseudomesenteroides (7) would be relevant for fermenting raffinose- 
rich matrices such as soybean, but not suitable for pectin-rich matrices 
such as fruit-based beverages, in which L. lactis ssp. lactis species (14) 
might perform better due to the intrinsic characteristics of fruit-based 
beverages. 

5. Conclusions 

In the present study, insect microbiomes have proven to be a 
promising LAB source, as well as their high potential to be applied to 
plant-based fermentation processes. The primary phenotypical charac-
terization of the isolated LAB strains took into consideration their per-
formance in the presence of the main compounds found in plant-based 
foods, which could ultimately have an impact on the nutritional, sensory 
and technological aspects of the final fermented products. This would be 
useful as an initial stage in the development of a starter culture. In 
future, further stages would require the investigation of complex food 
matrices, in order to select the most suitable strains for the fermentation 
of specific foods. C. paralimentarius, L. pseudomesenteroides (7) and 
L. lactis ssp. lactis (14) were found to be the most promising candidates 
for the later stages in the development of a starter culture approach, 
either in mono or coculture, for the fermentation of plant-based matrices 
such as cereals (oat), pectin-rich fruits (apple) and beans (soy and pea). 
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