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Abstract 

Microbial lipopeptides are secondary metabolites produced by bacteria and single‐celled 

microorganisms. They are amphiphilic  in nature, composed of a cyclic or  linear peptide 

chain  linked  to a  lipid residue. Due  to  their high‐foaming biosurfactant properties,  they 

have  various  industrial  applications  such  as  in  detergents,  food  emulsifiers, 

bioremediation,  and  enhanced  oil  recovery. Additionally,  they possess  other  functional 

properties such as antifungal activity, making them an environmentally friendly alternative 

to synthetic fertilizers and fungicides. Bacillus species produce cyclic lipopeptides known 

for their potent antifungal activity, which makes them a potential source of bio‐fungicides 

in agriculture. However,  the production  titer of wild‐type Bacillus species does not meet 

industrial  needs.  Thereby,  genetic  modification  of  producer  strains  and  bioprocess 

engineering can help increase the production of lipopeptides. Nevertheless, the regulation 

and basis of biosynthesis for Bacillus lipopeptides are still not completely understood, and 

ongoing  research  aims  to  enhance  their production.  In  general,  three main  lipopeptide 

families,  including  surfactins,  iturins,  and  fengycins  are  produced  by  different  Bacillus 

species. Among these, surfactin as the strong biosurfactant is the most extensively studied 

lipopeptide produced by Bacillus species.  

The  focus  of  this doctoral  thesis was mainly  to  evaluate  the  biosynthesis  of  iturin  and 

fengycin families, which are strong antimicrobial lipopeptides produced by Bacillus subtilis 

and Bacillus velezensis. This involved developing strains through genetic engineering and 

enhancing the lipopeptide titer by evaluating the cultivation medium. Initially, the entire 

genome  of  the  bacteria  used  in  this  thesis  was  examined  in  terms  of  lipopeptide 
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biosynthesis,  and  the  structure  and  yield  of  the  different  produced  lipopeptides were 

analyzed. Regarding the lipopeptide producer derivatives of the domesticated laboratory 

model  strain B.  subtilis  168  and B.  subtilis  3NA,  a  spore deficient  strain  appropriate  for 

bioreactor cultivation, surfactin is the lipopeptide with the highest yield, while plipastatin 

which is a member of fengycin family, is produced in lower quantities. In the present thesis, 

the biosynthesis of plipastatin by B. subtilis BMV9 as the lipopeptide producer derivative of 

strain 3NA was evaluated. The study aimed to convert BMV9 to a constitutive plipastatin 

mono‐producer strain. In this sense, overexpressing plipastatin biosynthesis operon using 

the stronger constitutive Pveg promoter led to a five‐fold increase in plipastatin production. 

Interestingly,  it  was  observed  that  deletion  of  srfAA‐AD  operon  in  BMV9  and  the 

constructed  constitutive  plipastatin  producer  strain  has  not  improved  plipastatin 

production. Therefore, it can be stated that presumably the biosynthesis of plipastatin may 

be positively  influenced  in a post‐transcriptional manner by  the  surfactin  synthetase or 

some  of  its  subunits. However,  the  regulatory mechanism  behind  this  effect  remained 

unknown  and  requires  further  research.  Another  attempt  to  enhance  the  plipastatin 

biosynthesis  in  strain  BMV9  was  repairing  the  degQ  expression.  One  main  genome 

characterization of strains with B. subtilis 168 and 3NA background is that the pleiotropic 

degQ gene expression, which is known to have a positive effect on plipastatin biosynthesis, 

is  silenced  due  to  a  mutation  in  the  promoter  area.  However,  while  repair  of  degQ 

expression  in BMV9  increased  the plipastatin production,  combination of both  repaired 

degQ  expression  and  promoter  exchange  (Ppps::Pveg)  has  not  significantly  increased  the 

plipastatin yield.  

To further evaluate the impact of degQ expression on surfactin and plipastatin biosynthesis, 

two strains of B. subtilis were selected: JABs24, a lipopeptide producer derived from the 168 

strain,  and  DSM10T,  the  wild‐type  strain  expressing  native  degQ.  The  findings 

demonstrated that surfactin biosynthesis is negatively affected by DegQ‐associated DegU 

regulation, while  increased plipastatin biosynthesis  is achieved  in  the presence of native 

degQ expression.  In addition  to production of  lipopeptides,  the DegU regulatory system 

also plays a  role  in  the  formation of  secretory proteases. A  comparison of  extracellular 

protease  activities  between  JABs24  and  DSM10T  showed  that  degQ  expression  led  to 
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DSM10T having five times higher protease activity than JABs24. Interestingly, production 

of  extracellular proteases has not affected  the  stability of both plipastatin and  surfactin 

during cultivation, suggesting that lipopeptides are less targeted by extracellular proteases. 

In general,  this section of  the  thesis has provided quantitative evidence of  the  impact of 

degQ  expression  on  extracellular  protease  production  and  lipopeptide  biosynthesis  in           

B. subtilis. The results highlight the distinct mechanisms by which DegQ regulates surfactin 

and plipastatin biosynthesis.  

The  identification  of  proficient wild‐type  strains  is  critical  to  the  advancement  of  bio‐

fungicide in agriculture. Therefore, the subsequent approach of this thesis centered on the 

production of microbial lipopeptide by wild‐type B. velezensis strains. Here, the lipopeptide 

productivity  and  antifungal  ability  of B.  velezensis UTB96 was  higher  than B.  velezensis 

FZB42,  as  a  well‐established  strain  for  biocontrol  of  plant  pathogens  in  agriculture. 

Furthermore, addition of certain amino acids stimulated lipopeptide production, and using 

a bioreactor system resulted in enhancement of lipopeptide production, especially iturin A 

by UTB96.  These  results  suggest  that  B.  velezensis UTB96  is  a  promising  candidate  for 

further research to be used as an antifungal agent in agriculture.  

Overall,  the  doctoral  thesis  evaluates  the  biosynthesis  of  antimicrobial  lipopeptides 

produced by B. subtilis and B. velezensis. The study  involves genetic engineering such as 

promoter exchange, deletion of genes  involved  in competing biosynthetic pathways and 

cultivation  medium  development  with  amino  acid  supplementation  to  enhance  the 

lipopeptide titer. The thesis also identifies B. velezensis UTB96 as a promising candidate for 

further research to be used as a wild‐type antifungal agent in agriculture.  
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Zusammenfassung 

Mikrobielle  Lipopeptide  sind  Sekundärmetabolite,  die  von  Bakterien  und  einzelligen 

Mikroorganismen produziert werden. Sie sind von Natur aus amphiphil und bestehen aus 

einer zyklischen oder linearen Peptidkette, die an einen Lipidrest gebunden ist. Aufgrund 

der stark schäumenden Eigenschaften von Biotensiden, werden diese  in der Industrie  in 

verschiedenen  Bereichen  eingesetzt,  wie  z.  B.  in  Reinigungsmitteln,  Lebensmittele‐

mulgatoren, bei der Bioremediation und der verbesserten Ölgewinnung. Darüber hinaus 

besitzen sie weitere funktionelle Eigenschaften, wie z. B. eine antimykotische Wirkung, was 

sie zu einer sicheren und umweltfreundlichen Alternative zu synthetischen Düngemitteln 

und Pestiziden macht. Bacillus‐Arten produzieren zyklische Lipopeptide, die für ihre starke 

antimykotische  Wirkung  gegen  Phytopathogene  bekannt  sind,  was  sie  zu  einer 

potenziellen Quelle für Bio‐Fungizide in der Landwirtschaft macht. Der Produktionstiter 

von  Wildtyp‐Bacillus‐Arten  entspricht  jedoch  nicht  dem  industriellen  Bedarf.  Durch 

genetische Veränderung und Bioverfahrenstechnik kann die Produktion von Lipopeptiden 

gesteigert werden. Dennoch sind die Regulierung und die Grundlagen der Biosynthese von 

Bacillus‐Lipopeptiden noch nicht vollständig geklärt, und die laufende Forschung zielt auf 

die  Optimierung  ihrer  Produktion  ab.  Es  ist  bekannt,  dass  Bacillus‐Arten  drei 

Hauptlipopeptidfamilien  produzieren,  darunter  Surfactin,  Iturin  und  Fengycin.  Unter 

diesen ist Surfactin das am besten untersuchte Biotensid.  

Im Mittelpunkt dieser Doktorarbeit stand die Untersuchung der Biosynthese der  Iturin‐ 

und  Fengycin‐Familien.  Diese  stark  antimikrobiellen  Lipopeptide werden  von  Bacillus 

subtilis  und  Bacillus  velezensis  produziert.  Dazu  wurden  gentechnisch  modifizierte      
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Stämme  entwickelt  und  der  Lipopeptid‐Titer  durch  Verbesserung  des 

Kultivierungsmediums erhöht. Zunächst wurde das gesamte Genom der in dieser Arbeit 

verwendeten Bakterien  im Hinblick  auf die Lipopeptidbiosynthese untersucht, und die 

Struktur und Ausbeute der verschiedenen produzierten Lipopeptide wurden analysiert. 

Bei  den  lipopeptidproduzierenden  Derivaten  des  domestizierten  Labormodellstammes      

B. subtilis 168 und B. subtilis 3NA, einem für die Bioreaktorkultivierung geeigneten nicht 

sporulierenden  Stamm,  ist  Surfactin  das  Lipopeptid  mit  der  höchsten  Ausbeute.  Im 

Gegensatz dazu wird Plipastatin, ein Mitglied der Fengycinfamilie, in geringeren Mengen 

produziert.  In  der  vorliegenden  Arbeit  wurde  die  Biosynthese  von  Plipastatin  durch              

B. subtilis BMV9, dem Lipopeptidproduzenten‐Derivat des Stammes 3NA, untersucht. Ziel 

der  Studie  war  die  Umwandlung  von  BMV9  in  einen  konstitutiven  Plipastatin‐

Monoproduzentenstamm.  In  diesem  Sinne  führte  die  Überexpression  des  Plipastatin‐

Biosynthese‐Operons  unter Verwendung  des  stärkeren  konstitutiven  Pveg‐Promotors  zu 

einer fünffachen Steigerung der Plipastatinproduktion. Zusätzlich wurde festgestellt, dass 

die  Deletion  des  srfAA‐AD‐Operons  in  BMV9  und  dem  konstruierten  konstitutiven 

Plipastatin‐Produzentenstamm  die  Plipastatin‐Produktion  nicht  verbessert  hat.  Daraus 

lässt  sich  schließen, dass die Biosynthese von Plipastatin vermutlich posttranskriptional 

durch die Surfactin‐Synthetase oder einige ihrer Untereinheiten positiv beeinflusst werden 

kann. Der Regulationsmechanismus, der diesem Effekt  zugrunde  liegt,  ist  jedoch  noch 

unerforscht  und  bedarf  weiterer  Forschung.  Ein  weiterer  Versuch,  die  Plipastatin‐ 

Biosynthese im Stamm BMV9 zu verbessern, war die Reparatur der degQ‐Expression. Eine 

wesentliche  Genomcharakterisierung  von  Stämmen  mit  B.  subtilis  168  und  3NA‐

Hintergrund besteht darin, dass die pleiotrope degQ‐Genexpression, von der bekannt ist, 

dass sie sich positiv auf die Plipastatinbiosynthese auswirkt, aufgrund einer Mutation im 

Bereich des Promotors inaktiv ist. Während jedoch die Reparatur der degQ‐Expression in 

BMV9 die Plipastatinproduktion erhöhte, konnte die Kombination aus  reparierter degQ‐

Expression  und  Promotoraustausch  (Ppps::Pveg)  die  Plipastatinausbeute  nicht  signifikant 

steigern.  
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Um die Auswirkungen der degQ‐Expression auf die Surfactin‐ und Plipastatin‐Biosynthese 

weiter  zu  untersuchen,  wurden  zwei  B.  subtilis‐Stämme  ausgewählt:  JABs24,  ein  von 

Stamm  168  abgeleiteter  Lipopeptidproduzent,  und  DSM10T,  der Wildtyp‐Stamm,  der 

natives degQ exprimiert. Die Ergebnisse zeigten, dass die Surfactin‐Biosynthese durch die 

DegQ‐assoziierte DegU‐Regulierung  negativ  beeinflusst wird, während  die  Plipastatin‐ 

Biosynthese bei Vorhandensein einer nativen DegQ‐Expression gesteigert wird. Neben der 

Produktion von Lipopeptiden spielt das DegU‐Regulationssystem ebenfalls eine Rolle bei 

der  Bildung  von  sekretorischen  Proteasen.  Ein  Vergleich  der  extrazellulären 

Proteaseaktivitäten  zwischen  JABs24 und DSM10T  zeigte, dass die  degQ‐Expression bei 

DSM10T  zu  einer  fünfmal  höheren  Proteaseaktivität  führte  als  bei  JABs24. 

Interessanterweise  hat  die  Produktion  von  extrazellulären  Proteasen  die  Stabilität  von 

Plipastatin  und  Surfactin  während  der  Kultivierung  nicht  beeinträchtigt,  was  darauf 

hindeutet, dass Lipopeptide kaum von extrazellulären Proteasen angegriffen werden. Im 

Allgemeinen hat dieser Abschnitt der Arbeit quantitative Daten für die Auswirkungen der 

degQ‐Expression auf die extrazelluläre Proteaseproduktion und die Lipopeptidbiosynthese 

in B. subtilis geliefert. Die Ergebnisse unterstreichen die unterschiedlichen Mechanismen, 

durch die DegQ die Surfactin‐ und Plipastatin‐Biosynthese reguliert.  

Die  Identifizierung  tauglicher  Wildtyp‐Stämme  ist  für  die  Weiterentwicklung  von 

Biofungiziden in der Landwirtschaft von entscheidender Bedeutung. Daher konzentrierte 

sich der weitere Ansatz dieser Arbeit auf die Produktion von mikrobiellen Lipopeptiden 

durch Wildtyp‐B.  velezensis‐Stämme. Dabei waren die Lipopeptidproduktivität  und die 

antimykotische Fähigkeit von B. velezensis UTB96 höher als die von B. velezensis FZB42, 

einem etablierten Stamm zur Biokontrolle von Pflanzenpathogenen in der Landwirtschaft. 

Außerdem  stimulierte die Zugabe bestimmter Aminosäuren die Lipopeptidproduktion, 

und  die  Verwendung  eines  Bioreaktorsystems  führte  zu  einer  Steigerung  der 

Lipopeptidproduktion, insbesondere von Iturin A durch UTB96. Diese Ergebnisse deuten 

darauf  hin,  dass  B.  velezensis  UTB96  ein  vielversprechender  Kandidat  für  weitere 

Forschungen ist, um als Antipilzmittel in der Landwirtschaft eingesetzt zu werden. 
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Zusammenfassend wird in der Dissertation die Biosynthese antimikrobieller Lipopeptide 

untersucht, die  von B.  subtilis und B.  velezensis produziert werden. Die  Studie  umfasst 

gentechnische Eingriffe wie den Austausch von Promotoren, die Deletion von Genen, die 

an  konkurrierenden  Biosynthesewegen  beteiligt  sind,  und  die  Entwicklung  von 

Kultivierungsmedien mit Aminosäuresupplementierung zur Steigerung des Lipopeptid‐ 

Titers.  In der Dissertation wird B. velezensis UTB96 als vielversprechender Kandidat  für 

weitere Forschungen identifiziert, um als Wildtyp‐Antimykotikum in der Landwirtschaft 

eingesetzt zu werden. 
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1.1 Microbial lipopeptides 

Microbial  lipopeptides  are  secondary metabolites  synthesized  by  various  bacteria  and 

single‐celled microorganisms  (Desai and Banat 1997). They are known as high‐foaming 

biosurfactants with emulsifying properties, which lend to application in many industries, 

including  cleaning  products  and  detergents,  food  emulsifiers,  bioremediation  and 

enhanced oil recovery (Banat et al. 2010; Pacwa‐Płociniczak et al. 2011). Nevertheless, the 

properties of microbial lipopeptides are not limited to their biosurfactant activity. During 

the last years, some of these compounds have attracted interest because of their functional 

properties like ability to interact with fungi and break the cell walls (Raaijmakers et al. 2010; 

Singh and Cameotra 2004). Moreover, microbial lipopeptides are biodegradable, safe and 

may  help  preserve  the  environment  by  reducing  the  need  for  agrochemicals  and  non‐

renewable  energy.  Therefore,  they  can  be  exploited  as  bio‐fungicides  for  agricultural 

applications (Pérez‐García et al. 2011; Sachdev and Cameotra 2013).  

The discovery of new microbial lipopeptides has increased over time. Currently, more than 

40  lipopeptide families have been  identified  in bacteria, which are  listed  in Table 1. This 

information is derived from a search of the annotation ʺlipopeptideʺ in NORINE database 

(Caboche et al. 2007; Flissi et al. 2020). Several Gram‐negative bacteria can produce a variety 

of  lipopeptides, most of which have antimicrobial activity  (Ghequire and Mot 2014).  In 

particular,  these  include  14 distinct  families  from Pseudomonas  species  that  are  recently 

classified  by  Geudens  and Martins  (2018)  and  lipopeptide  families  from  Burkholderia 

(Thongkongkaew et al. 2018), Halomonas (Martinez et al. 2003), Marinobacter (Xu et al. 2002), 

Janthinobacterium  (Schlosser  et  al.  2021)  and  Serratia  species  (Clements  et  al.  2019). 

Pseudomonas  lipopeptides  exhibit  a  variety  of  biological  properties,  such  as  antifungal 

(Jourdan et al. 2003), antibacterial (Gerard et al. 1997), antiviral  (Groupé et al. 1951) and 

even insecticidal properties (Jang et al. 2013), in addition to their biosurfactant properties. 

A summary of further lipopeptides produced by Gram‐negative bacteria is given by Xue et 

al. (2018). 
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Gram‐positive  bacteria  that  produce  lipopeptides  mostly  belong  to  Bacillales  and 

Actinobacteria (Aleti et al. 2015; Zhao et al. 2018a). Actinobacteria are a phylum of bacteria 

with  high  guanine  and  cytosine  content  in  their DNA  and  include  one  of  the  largest 

bacterial  genera,  Streptomyces  (Yadav  et  al.  2018).  Daptomycin  is  the  most  studied 

lipopeptide  produced  by  Streptomyces  species  and  is  used  extensively  in  the  field  of 

medicine due to the antibacterial effect against human gram‐positive bacteria (Fowler Jr et 

al. 2006).  

Bacillus  species  are  the major  lipopeptide  producers  from  the  order  Bacillales  and  can 

produce more  significant quantities of  lipopeptides with  stronger biological properties, 

such as antifungal activity, compared to other lipopeptide‐producing bacteria (Coutte et al. 

2017). For example, while the lipopeptides produced by Pseudomonas or Streptomyces species 

are no more than a few milligrams per liter, some wild‐type Bacillus strains can produce 

about a gram of lipopeptides (Liu et al. 2022; Yu et al. 2011). This is, of course, still far from 

a suitable application volume concentration as a bio‐fungicide in agriculture, but there is 

room  for  improvement. Therefore,  the number of studies on  the optimization of Bacillus 

lipopeptides is increasing rapidly. Although, up to date, neither the regulation nor the basis 

biosynthesis condition of Bacillus lipopeptides are sufficiently known (Banat et al. 2010).



      INTRODUCTION

 

4 

 

Table 1: Overview of lipopeptide families and their main activities produced by bacteria.  

Bacteria  Lipopeptide families  Main activities  Reference 

Gram‐negative     

Pseudomonas 

Orfamide, amphisin, 

viscosin, tolaasin, 

corrugatin, entolysin 

putisolvin, bananamide, 

pseudofactin, xantholysin, 

fuscopeptin, syringopeptin, 

syringafactin, 

syringomycin 

Biosurfactant, 
antimicrobial 

(Geudens 

and Martins 

2018) 

Burkholderia 
Burriogladin, haereogladin, 

holrhizin 
 

(Chen et al. 

2020) 

Halomonas  Aquachelin  Siderophore, biosurfactant 
(Martinez et 

al. 2003) 

Janthinobacterium  Jagaricin  Antimicrobial 
(Graupner 

et al. 2012) 

Marinobacter  Marinobactin  Siderophore, biosurfactant 
(Xu et al. 

2002) 

Serratia  Serrawettin  Biosurfactant 
(Clements et 

al. 2019) 

Gram‐positive        

Streptomyces 

Daptomycin, friulimicin, 

Calcium dependent 

antibiotic, A54145, 

enduracidin 

Antimicrobial 
(Zhang et al. 

2023) 

Actinoplanes  Friulimicin, ramoplanin  Antimicrobial 
(Muller et 

al. 2007) 

Arthrobacter  Amphisin  Biosurfactant, antimicrobial 
(Morikawa 

et al. 1993) 

Corynebacterium  Coryxin  Antimicrobial 
(Dalili et al. 

2015) 

Bacillus 

Surfactin, iturin, fengycin, 

polymyxin, kurstakin, 

locillomycin 

Biosurfactant, antimicrobial 
(Geissler et 

al. 2019) 

Paenibacillus  Polymyxin  Biosurfactant, antimicrobial 
(Shaheen et 

al. 2011) 

Aneurinibacillus  Aneurinifactin  Biosurfactant, antimicrobial 
(Balan et al. 

2017) 

Staphylococcus  Unnamed lipopeptide  Biosurfactant, antimicrobial 
(Eddouaoud

a et al. 2012) 

Rhodococcus  Rhodofactin  Biosurfactant 
(Peng et al. 

2008) 
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1.2 Current perspective of utilization of 
microbial lipopeptides in sustainable 

agriculture  

Agriculture is considered the most important modality of natural resource management for 

sustaining human life. For thousands of years, the goal of agriculture has been to produce 

enough food and feed to fulfill societyʹs needs (Velten et al. 2015). In recent decades, great 

emphasis has been placed on sustainable agriculture to preserve the environment and the 

natural  resources of  the earth. Nowadays  it  is apparent  to everyone  that depending on 

several factors such as the dose and duration of exposure, some of the common compounds 

used to control plant disease may persist in soil and water and therefore have long‐term 

toxic effects on the environment. Moreover, since they are often non‐biodegradable, they 

threaten our planetʹs health (Ferraro et al. 2020). 

In view of the growing population and the impact of climate change on food security, the 

demand  for  biodegradable  products  is  rising  all  over  the  world.  This  high  demand 

underscores the need to replace applications of chemical fertilizers and pesticides with the 

use of environmentally friendly alternatives to improve the nutrient content of plants and 

their protection against pathogens and pests (Anderson et al. 2016; Ervin et al. 2010). The 

utilization of biological fungicide produced by different microorganisms may potentially 

represent  a  safe  and  environmentally  friendly method  for  crop  protection  in  farming. 

(Bhargava et al. 2017; Hader et al. 2022).  

In recent years, biotechnology has contributed to sustainable agriculture in various ways. 

For  instance,  the  genome  of  plants,  animals,  or microorganisms  has  been modified  by 

scientists to make them resistant to certain pathogens, pests, or weeds, or even to tolerate 

adverse environmental conditions such as high temperatures (Stone 2010). However, there 

is  a  comprehensive  framework  for  the  authorization of  the use of genetically modified 

organisms (GMOs) as pesticides in the European Union (EU). Indeed, there are currently 

no GMOs approved for use as pesticides in the EU. In fact, the use of GMOs in agriculture 
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in the EU is highly restricted (Friedrichs et al. 2019). Moreover, scientists and environmental 

groups  have  identified  a  potential  threat  to  human  health  associated  with  GMOs  in 

agriculture (Paparini and Romano‐Spica 2004). Thus, the use of beneficial microorganisms 

at different stages of cultivation, such as seed preparation to postharvest disease control, 

could  greatly  benefit  the  crop. However,  it  is highly unlikely  that  the  concentration  of 

antimicrobial lipopeptides produced by microorganisms in their natural environment will 

be sufficient for antibiosis (Ongena and Jacques 2008). As an alternative to the use of live 

microorganisms, biotechnology can help to produce antimicrobial lipopeptides on a larger 

scale and prepare  the purified  lipopeptides  for application  (Foley et al. 2005; Hua et al. 

2022). Whether these purified lipopeptides can be approved as pesticides in the EU requires 

further clarification.  

In this dissertation, the lipopeptide compounds with antifungal properties produced by the 

beneficial Bacillus species have been studied and the methods for their biosynthesis process 

has  been  evaluated  and  improved.  The  development  of  methods  to  improve  the 

bioproduction of antifungal lipopeptides may potentially increase the use of lipopeptides 

as bio‐fungicides instead of non‐biodegradable fungicides. Such a change could contribute 

to a path towards greater sustainability in agriculture. 
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1.3  Biosynthesis of microbial 

lipopeptides of Bacillus species 

Lipopeptides are not synthesized ribosomally, but rather by stepwise reactions initiated by 

complex  non‐ribosomal  peptide  synthetases  (NRPSs)  or  by  non‐ribosomal  polyketide 

peptide hybrid synthetases (PKS ‐ NRPSs) (Roongsawang et al. 2010). Activation of NRPS 

depends on  the  4‐phosphopantetheinyl  transferase Sfp which  converts  the  apoforms of 

lipopeptide synthases to the active holoforms (Lambalot 1996). The holoenzyme NRPSs are 

huge  enzymes  composed  of  several  subunits.  Each  subunit  consists  of  multi‐domain 

modules catalyzing the binding of amino acids together for the elongation of the peptide 

chain. The total number of modules equals the number of amino acids in the peptide ring. 

Specifically, a module is a part of the NRPS that incorporates a certain amino acid into a 

peptide  scaffold. The  three main domains of  each module are adenylation domain  (A), 

peptidyl‐carrier  protein  domain  (PCP),  also  known  as  the  thiolation  domain  (T);  and 

condensation domain (C). After the amino acids are recognized and activated by A domain, 

PCP domain binds amino acid residues to peptide chain in the direction of the template of 

lipopeptide (Linne and Marahiel 2000). The C domain is a condensation domain which has 

an acceptor and donor site and is responsible for transferring the peptide between different 

modules. The C starter domain at the beginning of initiation module is selective to linkage 

of a CoA‐activated 3‐hydroxy or 3‐amino fatty acid chain via its acceptor site. Moreover, 

additional domains such as the epimerization domain (E) can be present in the domain lines 

of an NRPS that are responsible for catalyzing the modification of the D‐ or L‐ configuration 

of amino acids. The final step is the release of lipopeptide and occurs after several peptide 

extensions by the terminal thioesterase domain (TE). TE is the last domain of the elongation 

modules and often performs internal cyclization of the oligopeptide chain upon release of 

the  lipopeptide.  In  lipopeptides  belonging  to  the  iturin  family,  domains  related  to 

polyketide synthesase are present upstream of the first module of NRPS. These domains 

are associated with the elongation of the fatty acid chain in the final steps before transfer to 

the first amino acid of the peptide unit (Ongena and Jacques 2008). 
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The multienzyme complexes of NRPS and PKS are formed by large operons consisting of 

three or more open reading frames (ORFs) (Samel et al., 2006). As shown in Fig. 1 a and c, 

surfactin and fengycin NRPS are encoded by the srfAA‐AD (26,073 bp) and fenA‐E (37,578 

bp) operons, respectively (Jacques 2011). In addition, the detailed domain lineages of the 

PKS‐NRPS hybrid complex encoded by ituA‐D (37,095 bp) responsible for producing iturin 

A as a member of the iturin family is depicted in Fig. 1b.  

Beside the NRPS and PKSs genes, there are regulatory genes that affect the production of 

lipopeptide in a direct or indirect way. The following sections provide a deeper insight into 

the  structure,  regulation  of  biosynthesis,  and  potential  applications  of  lipopeptides 

belonging to the surfactin, iturin, and fengycin families. The knowledge gained through a 

better  understanding  of  genetic  regulation  could  be  used  to  construct  high‐yielding 

recombinant strains to be used in industrial applications.
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b a  

  c 

Figure 1: Genomic organization and modulation of the NRPSs producing surfactin, iturin A and fengycin in Bacillus velezensis; Surfactin operon contains 

of three ORFs of srfAA, srfAB, srfAC and srfAD (26,073 bp) (a), Iturin A contains four ORFs of ituD, ituA, ituB and ituC (37,095 bp) (b), fengycin operon 

contains four ORFs of fenA, fenB, fenC and fenD (37,576 bp) (c). 
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1.4 Main lipopeptide families of Bacillus 

species  

1.4.1 Surfactin family 

Lipopeptides belonging to the surfactin family are considered promising biosurfactants due 

to  their  exceptionally  strong  surface  activity  (Jacques  2011).  Since  the  first discovery of 

surfactin  in 1968, surfactin  is  the most studied  lipopeptide produced by Bacillus species 

(Arima et al. 1968). All members of surfactin family consist of a heptapeptide ring connected 

to a 3‐hydroxy‐13‐methyltetradecanoic fatty acid chain that could be linear, iso or anteiso 

branches with 12 to 16 carbons (Fig. 2, a) (Ongena and Jacques 2008). Up to now, over 40 

variants of surfactin has been  identified (Geissler et al. 2019). Important members of  the 

surfactin family are surfactin, lichenysin, and pumilacidin (Fig. 2, b). Lichenysin is a natural 

analog of surfactin produced by B. licheniformis and pumilacidin is produced by B. pumilus. 

a 

b 

 

Figure 2: Chemical structure of surfactin (a); amino acid sequence of peptide moiety in different 

member of surfactin family (b). 
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1.4.2 Iturin family 

Iturins are potent bioactive lipopeptide derived from several Bacillus strains (Jacques 2011). 

Mycosubtilin is a member of iturin family and is the first identified iturin compound found 

in 1949 (Walton and Woodruff 1949). A year later in 1950 a similar compound was found 

from a soil sample in a region called Ituri in Congo (Delcambe 1950) and was named iturin. 

Iturin and mycosubtilin were first identified as strong antifungal metabolites and later other 

properties of them were discovered in several studies. All iturins consist of a cyclic peptide 

of 7 amino acids linked to a mixture of  3‐amino‐12‐methyltridecanoic acid fatty acid often 

of iso‐ or anteiso‐type of variable length from 14 to 17 carbons (Maget‐Dana and Peypoux 

1994; Peypoux et al. 1978) (Fig. 3, a). Differences in amino acid and fatty acid residue lead 

to various homologs of iturins. There are six main members in iturin family; Iturin A and 

C have a common amino acid sequence and different fatty acid residue. Other members are 

bacillomycin D, F, L and mycosubtilin. The peptide chain of the iturin lipopeptides is shown 

in Fig. 3, b (Dunlap et al. 2019).  

a  

b  

Figure 3. Chemical structure of Iturin A (a); amino acid sequence of peptide moiety in different 

member of iturin family (b). 
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1.4.3 Fengycin family 

Fengycin  was  first  identified  simultaneously  by  two  different  German  and  Japanese 

researchers in 1986. The structures of fengycin and plipastatin are almost identical and both 

consist of a decapeptide chain, 8 amino acids of which form a peptide ring. The peptide 

chain is linked to a 3‐hydroxyl fatty acid that may be saturated or unsaturated with 12 to 

18 carbon atoms (Wu et al. 2007) (Fig. 4, a). In plipastatin, the enantiomers of the amino 

acids in positions 3 and 9 (Tyr3 and Tyr9) are in the L and D form, respectively; while in 

fengycin,  they are  in  the reverse configuration  (Fig. 4, b)  (Inès and Dhouha 2015). Since 

fengycin and plipastatin belong to the same conger family, some authors do not distinguish 

these  lipopeptides, although  the enantiomers of  the amino acids  in position 3 and 9 are 

different. (Honma et al. 2012; Stein 2005). 

a 

b  

Figure 4. Chemical structure of fengycin (a); amino acid sequence of peptide moiety in different 

member of fengycin family (b). 
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1.5 Intricate regulation of lipopeptide 
biosynthesis  

The  biosynthesis  of  lipopeptides  produced  by  Bacillus  strains  is  regulated  by  complex 

regulatory networks in a growth‐phase dependent manner (Raaijmakers et al. 2010). In the 

lipopeptide biosynthesis process, in addition to the NRPS operon and the sfp gene (Reuter 

et al. 1999), quorum sensing (QS) systems and global regulators such as Spo0A, AbrB and 

DegU play  essential  roles  (López  and Kolter  2010). The  following  is  a  summary of  the 

known regulation mechanism of surfactin, iturin, and fengycin biosynthesis. 

1.5.1 Regulation of surfactin  

Among  lipopeptides,  regulation of  surfactin operon has been  studied  relatively well  at 

molecular level. Recently, the molecular interactions including all the identified activator 

and repressors proteins related to surfactin biosynthesis has been summarized  (Rahman et 

al.  2021).  In  general,  ComA,  PerR  and  PhoP  are  positive  regulator  of  srfA  operon;  In 

contrast,  transcriptional  pleiotropic  regulators  CodY  and  Spx  and  AbrB  are  the main 

repressor of srfA operon (Kobayashi 2019; Miras and Dubnau 2016).  

During the exponential growth, the transition state regulator AbrB and its homolog Abh 

repress the expression of surfactin operon (Chumsakul et al. 2011; Klausmann et al. 2021). 

Along with increasing bacterial cell densities and during the transition from exponential to 

stationary growth, phosphorylated ComA  in  cytoplasm activates  the  expression of  srfA 

operon by binding  to  the PsrfA  (Nakano and Zuber 1991). ComA  is a  response  regulator 

protein  in  the  two  component  ComA‐ComP  system.  Upon  accumulation  of  a  short 

autoinducer pheromone called ComX from out of the cell, ComP, as a membrane histidine‐

kinase protein,  is autophosphorylated and  later phosphorylates ComA in the cytoplasm. 

(Magnuson et al. 1994). For the modification and transport of ComX from inside the cell to 

the extracellular area, ComQ is required (Ansaldi et al. 2002). Hence, the phosphorylated 

form of ComA regulates the expression of surfactin operon and activates the expression of 
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many other genes (Comella and Grossman 2005; Hamoen et al. 2003; López and Kolter 2010) 

through  promoting  the  expression  of  pleiotropic  regulator  degQ  (Msadek  et  al.  1991; 

Spacapan et al. 2018). DegQ  is a member of DegU regulon. Similar  to ComA, DegU  is a 

response  regulator  in  the  two component DegS‐DegU system. The membrane histidine‐

kinase DegS, phosphorylates  the DegU  (Dahl et al. 1991). The  function of DegQ  in  this 

process is contribution in the autophosphorylation of DegS and phosphorylation of DegU 

(Kobayashi 2007). The phosphorylated DegU regulates not only the expression of various 

genes responsible for the production and secretion of extracellular proteases and several 

other secreted enzymes, (Msadek et al. 1991; Murray et al. 2009), but also the biosynthesis 

of lipopeptides including surfactin are affected (Miras and Dubnau 2016; Tsuge et al. 1999). 

In case of surfactin biosynthesis, there are some evidence that the phosphorylated form of 

DegU has an inhibitory effect on PsrfA (Miras and Dubnau 2016). In addition, as mentioned 

above, CodY and Spx are known direct repressors of PsrfA (Nakano et al. 2003; Serror and 

Sonenshein 1996). Through an indirect pathway, the phosphatase regulator, Phr proteins 

and their cognate response regulator aspartyl phosphatases Rap proteins, also repress the 

expression of srfA operon by causing dephosphorylation of ComA (Shank and Kolter 2011). 

A recent review by Kalamara et al. (2018) has been summarized the actions of multiple Rap‐

Phr systems and their physiological function regulated in Bacillus subtilis. 

1.5.2 Regulation of iturin 

Lipopeptides belonging  to  iturin  and  fengycin  families  are generated during  stationary 

phase and its under direct or indirect influence of main regulatory system such as Qs system 

(Raaijmakers et al. 2010). Before the bacteria enter the stationary phase, AbrB inhibits the 

expression  of  the  srfA  operon,  as well  as  the  expression  of  at  least  forty  other  genes, 

including itu and fen operons (Chumsakul et al. 2011; Phillips and Strauch 2002; Xu et al. 

2020). ComA‐ComP two‐component signal transduction system, is the main QS system in 

Bacillus specious (Kalamara et al. 2018). Therefore, it is not surprising that this important 

regulatory  system,  controls  expression  of  a  variety  of  genes  including  biosynthesis  of 

secondary metabolites  (Duitman  et  al.  2007). Among  the  lipopeptides  belonging  to  the 
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iturin family, bacillomycin D regulation has been studied more than other members. For 

instance, it has been shown that the promoter of bacillomycin D (Pbam) in B. velezensis FZB42, 

previously known as B. amyloliquefaciens FZB42, is positively regulated by the direct action 

of phosphorylated DegU and the indirect regulatory effects of DegQ and ComA. In other 

words, phosphorylated DegU  can  bind  to  the promoter  region  of Pbam    and  activate  it; 

Whereas, ComA by activating degQ expression is indirectly involved in the regulation of 

bacillomycin D biosynthesis (Koumoutsi et al. 2007). Moreover, in another study, it has been 

shown  that  overexpression  of  spo0A,  enhanced  the  bacillomycin  D  production  in 

B. amyloliquefaciens fmbJ (Sun et al. 2021). 

1.5.3 Regulation of fengycin 

There  is  limited  information  on  the  regulation  of  fengycin  lipopeptide  biosynthesis, 

although  it  has  been  proven  that  the  expression  of  the  pps  operon  in  B.  subtilis  168  is 

repressed  by AbrB during  the  exponential phase  (Chumsakul  et  al.  2011), whereas  the 

expression of degQ has a positive effect on the synthesis of plipastatin (Tsuge et al. 2007), 

indicating the possible involvement of the DegS‐DegU two‐component system (Chumsakul 

et al. 2011; Phillips and Strauch 2002).  
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1.6 Biological activity and related 
application potential in agriculture 

and food industry  

Lipopeptides  produced  by  the  Bacillus  species  have  biological  properties  due  to  their 

unique structure (Ongena and Jacques 2008). In nature, lipopeptides produced by bacteria 

have beneficial effects  for  the producing bacteria. Three of  the most  important of  these 

positive effects are antagonistic properties against different pathogens, help  in bacterial 

mobility, and help in biofilm formation (Mahapatra et al. 2022; Raaijmakers et al. 2010). To 

date, numerous studies have been conducted on the biological properties of lipopeptides. 

The antibacterial, antiviral and especially antifungal properties of lipopeptides have been 

reported several times (Chowdhury et al. 2015; Huang et al. 2006; Lilge et al. 2022; Yin et al. 

2013). Members  of  the  iturin  family  are  the most  potent  lipopeptides with  antifungal 

properties. Iturin acts on a broad spectrum of plant pathogenic fungi in a variety of plant 

hosts  (Cawoy  et  al.  2015; Zhao  et  al.  2017).  This  is  followed  by  fengycin  family, with 

antifungal properties mostly limited to filamentous fungi (Koumoutsi et al. 2004). Surfactin 

alone, on the other hand, has no antifungal activity, but when produced together with iturin 

or fengycin, it can enhance antifungal activity (Théatre et al. 2021). Iturin and fengycin have 

direct antagonistic activity and can destroy the fungal cell membrane through a variety of 

mechanisms (Zhao et al. 2017). To study the bioactivity of individual lipopeptides in several 

studies,  a  collection  of  deletion  mutants  with  different  combinations  of  lipopeptide 

production  have  been  constructed.  For  instance,  (Romero  et  al.  2007)  have  constructed 

strains with  different  combinations  of  lipopeptide  production  in  order  to  evaluate  the 

biocontrol  ability  of  the  different mutants  against  growth  of  Podosphaera  fusca  causes 

powdery mildew disease in cucurbits. They have figured out that iturin and fengycin have 

a major  role  in  the  antagonism  of  B.  subtilis  toward  P.  fusca.  Their  derivative mutants 

deficient in bacillomycin D or iturin A, lost completely their ability to suppress powdery 

mildew. Due  to  such  a vast  array of biological  activities of  lipopeptides,  they have  the 

potential to been applied in agriculture and food industry as bio‐fungicide. A bio‐fungicide 
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is  made  from  natural  materials,  such  as  plant  extracts,  bacteria,  fungi,  or  other 

microorganisms that can either directly attack the fungus or stimulate the plantʹs natural 

defenses against  it. Unlike synthetic fungicide, which may have negative  impacts on the 

environment and human health, bio‐fungicides are generally considered  to be safer and 

more sustainable alternatives. They may also have additional benefits, such as promoting 

plant growth and enhancing soil health (Kiss 2003). Accordingly, iturin and fengycin can 

be  exploited  as  bio‐fungicides  for  agricultural  use  and  by  reducing  the  level  of  non‐

biodegradable synthetic chemical needs, maintain environmental health and reduces non‐

renewable energy. Furthermore, these antimicrobial lipopeptides have a great potential to 

be  used  as  a  source  of  functional  food  additive  in  order  to  enhance  the  abundance  of 

probiotic foods or to control the yeast contamination in food and drinks (Shi et al. 2018). 

Moreover, lipopeptides from Bacillus species have also the potential to be used in the field 

of medicine due  to anti‐tumor activity and  inhibition of cancer cells  (Cheng et al. 2016). 

Although, the anti‐cancer potential of all three lipopeptide families has been studied, (Zhao 

et al. 2018b) have  found  that  the major  fractional  lipopeptide  for  inhibition of  leukemia 

cancer cell K562, was identified as an iturin.  

In general, lipopeptides produced by Bacillus species have been found to possess various 

biological  activities,  making  them  attractive  for  use  in  a  range  of  fields,  including 

agriculture  as  a  bio‐fungicide.  However,  despite  their  potential  benefits,  the  limited 

production of these lipopeptides has hindered their practical application. Therefore, further 

research and development are needed to enhance their volume of production.
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1.7 Challenges and prospects of 
biotechnological production of Bacillus 

lipopeptides 

Referring back to earlier in this thesis, Bacillus lipopeptides have potential for being used 

instead  of  synthetic  surfactants  and  conventional  chemical  antifungals  in  agriculture 

(Ongena and Jacques 2008). In wild‐type Bacillus species, surfactin represent the dominant 

produced  lipopeptides, while  iturin and  fengycin are produced only  in  lesser amounts. 

Presumably this is the reason why there are much less studies on large scale production of 

iturin and fengycin in comparison to surfactin despite their well‐documented pronounced 

bioactivity.  In case of  surfactin, a  few companies  such as a  Japanese chemical company 

named Kaneka, have produced surfactin on comparatively large scale for a few times in a 

research  capacity  (Kaneka  2022).  Nevertheless,  none  of  the  Bacillus  lipopeptides  are 

commercially  available  in mass  quantities  for  several  reasons.  For  instance,  the  initial 

produced  titer by wild‐type Bacillus  species  is not  fulfilling  the  industrial demand  and 

large‐scale production of  these metabolites  is combined with several difficulties such as 

controlling  the  foam  during  fermentation. However,  these  limitations  have  not  caused 

research  in  this area  to be abandoned. In fact,  the use of biodegradable products as bio‐

fungicide in agriculture is increasing due to growing concerns about biodiversity loss and 

chemical pollution. Biodegradable products are a considered more sustainable alternative 

to  chemical  pesticides,  and  their  use  can  help  reduce  greenhouse  gas  emissions  and 

minimize environmental pollution. 

An ongoing area of lipopeptide research is the genetic modification of the producer strains 

with the aim of boosting their productivity and to identify the regulation pathway in the 

producer strain (Gaur et al. 2022). Genetic engineering for the improvement of lipopeptide 

production by Bacillus species has previously concentrated on random mutagenesis with 

incrementally increased production quantities (Das et al. 2008). This proceeding generates 

undirected mutations  and  does  not  correspond  to  the  state  of  the  art  in  science  and 

technology.  Lately,  lipopeptide  biosynthesis  enhancement  has  been  approached  by 
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different genetic engineering techniques. Nowadays, having access to the whole genome 

sequence  of  the  targeted  producer  strain  may  provide  useful  information  to  study 

lipopeptide regulation and biosynthesis. In  the meanwhile, discovery of potentially new 

lipopeptides  from  a wide  variety  of  bacteria will  open many  perspectives  for  further 

diversification of lipopeptide biosynthesis. Another approach to increase the overall titer of 

lipopeptide production is to optimize the cultivation medium as well as to set up suitable 

physicochemical parameters of cultivation.  

To  conclude,  prospects  for  biotechnological  production  of  Bacillus  lipopeptides  are 

promising due to advancements in genetic engineering and fermentation technology. These 

advancements  have  enabled  the  development  of  new  Bacillus  strains  with  enhanced 

production capabilities and the optimization of fermentation conditions to improve yields. 

The demand  for  a  “green”  future places  emphasis  on  ongoing  research  in  this  area  to 

achieve  the  goal  of  replacing  hazardous  chemicals  in  industry  with  green‐based 

biodegradable compounds. The long road to this goal has already been taken and much 

more needs to be done.   
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Bacillus velezensis UTB96 Is an Antifungal Soil Isolate with a
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Maliheh Vahidinasab,a Masoud Ahmadzadeh,b Marius Henkel,a Rudolf Hausmann,a Kambiz Morabbi Heravia

aInstitute of Food Science and Biotechnology, Department of Bioprocess Engineering (150k), University of Hohenheim, Stuttgart, Germany

bDepartment of Plant Protection, College of Agriculture and Natural Resources, University of Tehran, Karaj, Iran

ABSTRACT Bacillus velezensis UTB96 was isolated from soil based on its antifungal
activity. Whole-genome sequencing of strain UTB96 provided further information
about its secondary metabolite gene clusters. Compared to the well-known strain
FZB42, UTB96 lacks an IS3 element and a type I restriction endonuclease.

Bacterial strain Bacillus velezensis UTB96 was isolated from the soil of the pistachio
tree in an extensive screening of the plant probiotic bacterial community in

Kerman, Iran (1). Out of thousands of isolated strains, UTB96 had the highest antifungal
activity against Aspergillus flavus. Likewise, strain UTB96 was able to degrade the
aflatoxin produced by Aspergillus flavus on pistachio nuts (1, 2). Also, UTB96 showed
antagonistic activity against important soilborne fungal phytopathogens, for example,
Fusarium graminearum (M. Ahmadzadeh, unpublished data) or Phytophthora drechsleri
(3). Such antifungal activity could be a result of the production of three lipopeptide
families (surfactin, iturin, and fengycin) by strain UTB96 (1, 2, 4).

The previous identification of strain UTB96 was performed using biochemical tests
and 16S rRNA gene sequencing (NCBI accession number KY992857), which showed that
UTB96 is Bacillus amyloliquefaciens (2). To characterize the genetic background and
identify the genes responsible for biosynthesis of lipopeptide and antifungal metabo-
lites, whole-genome sequencing of strain UTB96 was performed. In detail, a single
colony of UTB96 was used to inoculate LB medium, which was then incubated
overnight at 37°C with shaking at 120 rpm. Afterwards, chromosomal DNA was ex-
tracted using an innuPrep bacterial DNA kit (Analytik Jena, Jena, Germany). The library
preparation and whole-genome sequencing were carried out by Eurofins Genomics
(Ebersberg, Germany). Genome sequencing was obtained using an Illumina HiSeq 4000
instrument and library prepared with the 2 � 150-bp paired-end read length, including
DNA fragmentation, adapter ligation, amplification, and size selection. The quality of
the final library was assessed by determination of size distribution and quantification.
All of the steps were performed according to Eurofins Genomics protocols, resulting in
a total 3,270,666 reads. Raw data analysis and sequencing assembly were carried out
using Geneious software ver. 11.1.5 (Biomatters Ltd.). Unless otherwise specified,
default software settings were used for all analyses. In a preliminary approach, after
pairing the reads, the quality of paired-end reads was controlled by quality trimming.
The adapter sequences and the sequences with low quality were trimmed with a
quality limit of 0.05. The paired-end reads were merged, and chimeric reads were
removed. DNA assembly was performed by de novo assembly. A total of 24 contigs
were generated, including a 981,939-bp contig as the largest contig and an N50 contig
size of 496,461 bp. A nucleotide BLAST search of this contig showed the highest
similarity to B. velezensis. Based on this result and together with the nucleotide BLAST
search of DNA topoisomerase-encoding genes, it was clear that UTB96 is a B. velezensis
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strain. Therefore, in the final and main approach, the genome sequence of strain B.
velezensis FZB42 (GenBank accession number NC_009725) was used as a reference map
for genome assembly of UTB96 using the raw sequencing data files. Comparative BLAST
analysis of UTB96 by NCBI indicated its similarity to strain FZB42 (query coverage, 99%;
identity, �97.99%).

The genome of strain UTB96 consists of a circular sequence of a 3,715,675-bp
chromosome with a G�C content of 46.9%. B. velezensis strains are known to produce
various secondary antimicrobial metabolites, such as lipopeptides and polyketides
(5–7). Due to production of these metabolites, B. velezensis has the ability to exert an
antimicrobial effect against many phytopathogenic microorganisms (8–10). Production
of secondary metabolites by UTB96 was analyzed using the antiSMASH tool with the
default setting (11). Genomic clusters responsible for the biosynthesis of antimicrobial
secondary metabolites were observed. These clusters involve genes encoding lipopep-
tides of surfactin, bacillomycin D, fengycin, and bacillibactin and polyketides of bacil-
laene, difficidin, and macrolactin. Likewise, B. velezensis is considered a plant growth-
promoting bacterium (PGPB) and is a promising candidate for replacing chemicals in
sustainable agriculture and biofarming systems (12, 13). Unlike that of B. velezensis
FZB42, the genome of strain UTB96 did not have the IS3 element or a type I restriction
endonuclease.

Data availability. The complete genome sequence of B. velezensis UTB96 has been

deposited in the NCBI database under the GenBank accession number CP036527. The
raw read data are available at the NCBI Sequence Read Archive under SRA accession
number SRX5559694.
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RESEARCH

Construction and description 
of a constitutive plipastatin mono-producing 
Bacillus subtilis
Maliheh Vahidinasab1, Lars Lilge1* , Aline Reinfurt1, Jens Pfannstiel2, Marius Henkel1, Kambiz Morabbi Heravi1 

and Rudolf Hausmann1

Abstract 

Background: Plipastatin is a potent Bacillus antimicrobial lipopeptide with the prospect to replace conventional 

antifungal chemicals for controlling plant pathogens. However, the application of this lipopeptide has so far been 

investigated in a few cases, principally because of the yield in low concentration and unknown regulation of biosyn-

thesis pathways. B. subtilis synthesizes plipastatin by a non-ribosomal peptide synthetase encoded by the ppsABCDE 

operon. In this study, B. subtilis 3NA (a non-sporulation strain) was engineered to gain more insights about plipastatin 

mono-production.

Results: The 4-phosphopantetheinyl transferase Sfp posttranslationally converts non-ribosomal peptide synthetases 

from inactive apoforms into their active holoforms. In case of 3NA strain, sfp gene is inactive. Accordingly, the first 

step was an integration of a repaired sfp version in 3NA to construct strain BMV9. Subsequently, plipastatin produc-

tion was doubled after integration of a fully expressed degQ version from B. subtilis  DSM10T strain (strain BMV10), 

ensuring stimulation of DegU-P regulatory pathway that positively controls the ppsABSDE operon. Moreover, marker-

less substitution of the comparably weak native plipastatin promoter  (Ppps) against the strong constitutive promoter 

 Pveg led to approximately fivefold enhancement of plipastatin production in BMV11 compared to BMV9. Intriguingly, 

combination of both repaired degQ expression and promoter exchange  (Ppps::Pveg) did not increase the plipastatin 

yield. Afterwards, deletion of surfactin (srfAA-AD) operon by the retaining the regulatory comS which is located within 

srfAB and is involved in natural competence development, resulted in the loss of plipastatin production in BMV9 and 

significantly decreased the plipastatin production of BMV11. We also observed that supplementation of ornithine as 

a precursor for plipastatin formation caused higher production of plipastatin in mono-producer strains, albeit with a 

modified pattern of plipastatin composition.

Conclusions: This study provides evidence that degQ stimulates the native plipastatin production. Moreover, a full 

plipastatin production requires surfactin synthetase or some of its components. Furthermore, as another conclusion 

of this study, results point towards ornithine provision being an indispensable constituent for a plipastatin mono-

producer B. subtilis strain. Therefore, targeting the ornithine metabolic flux might be a promising strategy to further 

investigate and enhance plipastatin production by B. subtilis plipastatin mono-producer strains.

© The Author(s) 2020. This article is licensed under a Creative Commons Attribution 4.0 International License, which permits use, sharing, 

adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the original author(s) and 

the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or other third party material 

in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the material. If material 

is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or exceeds the 

permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this licence, visit http://creat iveco 

mmons .org/licen ses/by/4.0/. The Creative Commons Public Domain Dedication waiver (http://creat iveco mmons .org/publi cdoma in/

zero/1.0/) applies to the data made available in this article, unless otherwise stated in a credit line to the data.
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Background

The preservation of food security is a global concern, 

especially with regard to increasing population. At 

the same time, there is a growing demand for organic 

agriculture products in both developed and develop-

ing countries. This high demand emphasizes the need 

for an effective, environmentally friendly alternative to 

chemical fertilizers, fungicides, insecticides, etc. Bacil-
lus strains e.g. B. subtilis, B. amyloliquefaciens and B. 
velezensis are among the beneficial microorganisms 

known as effective cell factories that can produce many 

different secondary antimicrobial metabolites, includ-

ing lipopeptides [1–3]. Plipastatin is a bioactive lipo-

peptide produced by Bacillus subtilis. In general, the 

main lipopeptides produced by Bacillus strains are 

classified in the three families of surfactin, iturin and 

fengycin [4, 5], including plipastatin as a member of the 

fengycin family [6]. Lipopeptides mostly display addi-

tional biological activities besides their amphiphilic 

properties. It is reported that the fengycin group exhib-

its a broad antagonistic effect on various soil-borne 

and post-harvest fungal phytopathogens, specifically 

on filamentous fungi [7, 8]. Besides antifungal activ-

ity, various authors [6–10] have frequently reported 

the antibacterial, antiviral and anticancer properties 

of fengycins. Additionally, these lipopeptides act also 

as the elicitor of induced systemic resistance in plants 

[11]. However, in contrast to the very well investigated 

applicability of surfactin, the application potential of 

fengycins have so far been investigated only in a few 

cases, principally based on poor bacterial productiv-

ity of fengycins and therefore, laborious and ineffective 

production approaches.

The structure of lipopeptides comprises a fatty acid 

connected to a peptide moiety [12]. The composi-

tion of amino acids in the circular peptide chain and 

length of the fatty acid residue provides a unique prop-

erty for every lipopeptide [13]. Plipastatin consists of 

a decapeptide chain (L-Glu – D-Orn – L-Tyr – D-Thr 

– L-Glu – D-Ala – L-Pro –L-Gln – D-Tyr – L-Ile), 8

amino acids of which form a peptide ring and is linked

to a 3-hydroxy fatty acid with 14–19 carbon atoms that

may be saturated or unsaturated [14, 15]. Although, the

structure of fengycin is almost identical to plipastatin,

the enantiomers of the amino acids in positions 3 and

9 (Tyr3 and Tyr9) are present in the l- and d-form in

plipastatin, respectively, while in fengycin, they are in

the reverse configuration [6, 13, 16]. Plipastatin and

other lipopeptides are formed by step-by-step reactions 

of specific non-ribosomal peptide synthetases (NRPSs) 

[17]. The lipopeptide biosynthesis depends on the 

4-phosphopantetheinyl transferase Sfp which converts

the inactive apoforms of NRPSs to the active holoforms

[18]. In case of B. subtilis 168, the genome has two large

operons of srfAA-AD and ppsABCDE, which encode

the subunits of NRPSs for surfactin and plipastatin

production, respectively. However, due to a single base

duplication in sfp gene, B. subtilis 168 is incapable to

synthesize these lipopeptides [19–21]. Nevertheless,

after repairing the sfp mutation, its lipopeptide produc-

tion is restored [22, 23].

Usually, Bacillus spp. encode for more than one 

lipopeptide synthetase, which are not synthesized 

simultaneously in the same growth phase showing 

the involvement of different regulators. More specifi-

cally, in the genome of bacteria that have the ppsAB-
CDE operon, the srfAA-AD operon is always present 

as well [24, 25]. However, while surfactin is being pro-

duced in the late exponential phase, the biosynthesis 

of plipastatin has been characterized in the stationary 

phase [25–27]. Lipopeptide synthetases are usually 

regulated by complex regulatory networks in a growth-

phase dependent manner. In the case of plipastatin, the 

ppsABCDE operon is repressed by AbrB, the transition 

state regulator, during exponential growth phase [28]. 

Moreover, expression of the pleiotropic regulator degQ 

gene has a positive effect on the synthesis of plipasta-

tin showing the possible involvement of DegSU two-

component system [20, 21, 29]. In B. subtilis 168, the 

–10 promoter region of degQ has a single base muta-

tion that leads to low gene expression. Nevertheless,

substitution of this mutation enables overexpression of

the degQ gene and results in increased plipastatin bio-

synthesis [23, 30, 31].

In this study, we used B. subtilis 3NA as a model 

strain for genetic engineering of plipastatin produc-

tion in order to construct a plipastatin mono-producer. 

This strain was previously described as a hybrid strain 

encoding genetic features from B. subtilis W23 and 

168 [21]. In detail, the surfactin (srfAA-AD) operon 

was deleted in a way that their competence formation 

remained intact. Subsequently, the plipastatin was 

increased by promoter exchange and manipulation of 

the degQ expression. Finally, the effect of supplement-

ing potentially critical amino acids on plipastatin for-

mation was evaluated.

Keywords: Bacillus subtilis, Lipopeptide, Surfactin, Fengycin, Biosurfactant, Promoter exchange, Strain engineering, 

Bottlenecks, Ornithine, Fungicide
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Results

Plipastatin production in different B. subtilis strains

To construct a plipastatin mono-producer, two B. subtilis 

strains were compared for their potential in biosynthesis 

of plipastatin. This included the derivatives of the well-

known laboratory model strain B. subtilis 168 and strain 

3NA. Plipastatin operon and its promoter region are 

identical in these two strains [21]. Nevertheless, strain 

3NA is a sporulation-deficient strain caused by a frame 

shift mutation in spo0A which makes this strain suit-

able for fermentation [21]. These domesticated B.  subti-
lis strains are known to have a mutation in their sfp gene 

disabling them to produce lipopeptides, such as surfactin 

and plipastatin [20, 21]. Therefore, the sfp + derivates of 

strain 168 (JABs24) and strain 3NA (BMV9) were used 

to ensure lipopeptide production. Both strains were 

cultivated in mineral salt medium. Figure  1 shows the 

lipopeptide production, glucose consumption and opti-

cal density  (OD600) over 72 h of cultivation at 30 °C. The 

comparison of growth rates showed a faster cell growth 

of BMV9 strain compared to JABs24. However, optical 

density of BMV9 was drastically decreased without any 

stationary phase after glucose depletion. In contrast, 

JABs24 exhibited an entry into the stationary phase when 

20% of glucose were metabolized. Both strains revealed 

surfactin production from the beginning of cultivation 

through to the early stage of stationary phase. Thus, sur-

factin quantities gradually increased until a peak was 

reached in the late exponential phase. In case of plipasta-

tin, no detectable amounts could be measured up to the 

middle of exponential phase. The highest amount of pli-

pastatin was produced by BMV9 in the stationary phase 

and was about 17  mg/L. Conversely, the production of 

plipastatin by JABs24 was lower than BMV9 (10  mg/L 

after 72 h). Based on these results strain BMV9 was con-

sidered for further strain engineering.

Verification of different putative bottlenecks 

concerning plipastatin production

As mentioned before, B. subtilis 3NA is a hybrid strain 

that exhibits genetic features from both strains W23 and 

168 [21]. Likewise, the degQ gene and upstream pro-

moter region are identical to that of strain 168. There-

fore, a single base mutation in the degQ promoter region 

drastically decreases the corresponding gene expression 

[32]. Previous studies demonstrated that this circum-

stance has a negative effect on plipastatin production 

[31]. We hypothesized that a repair of degQ expression 

combined with the deletion of the competitive surfactin 

operon as well as an exchange of a weak plipastatin pro-

moter against a constitutively active promoter lead to a 

highly efficient plipastatin mono-producer strain. How-

ever, before constructing the mutant strain that exhibits 

these three characteristics, BMV9 strain (3NA sfp +) was 

used to construct BMV10, BMV11 and BMV12, showing 

repaired degQ expression, plipastatin promoter exchange 

and surfactin elimination, respectively. Based on the 

observation that plipastatin level reached a plateau after 

40  h of cultivation (Fig.  1), the production outcomes of 

all following mutant strains were measured after 48 h of 

cultivation (Fig. 2).

As shown in Fig.  2, BMV10 which holds a repaired 

degQ gene, showed a twofold higher plipastatin produc-

tion but a decrease in surfactin formation compared to 

the control strain (BMV9). Furthermore, the promoter 

exchange of native plipastatin promoter against the 

constitutive promoter region of the veg gene resulting 

in BMV11 strain, increased the plipastatin titer from 

15 mg/L in control strain BMV9 to 70 mg/L. Interestingly, 

the surfactin formation was unaffected by the enhanced 

plipastatin production. In order to eliminate surfactin 

synthesis, the entire srfAA-AD operon was deleted and 

the regulatory comS gene which is co-expressed with 

srfAA-AD operon restored back to the genome with the 

native  PsrfA promoter. Consequently, the strains BMV12 

(ΔsrfAA-srfAD with native  Ppps promoter) and BMV13 

Fig. 1 Comparison of cultivation parameters for a B. subtilis JABs24 

(168 sfp +) and b B. subtilis BMV9 (3NA sfp +); The shake flask 

cultivations were performed in mineral salt medium containing 

20 g/L glucose and 50 mM urea as carbon and nitrogen sources 

at 30 °C and 120 rpm. Besides optical density  (OD600), glucose 

consumption, plipastatin and surfactin production were detected
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(ΔsrfAA-srfAD with  Ppps::Pveg promoter exchange) were 

constructed. It was observed that even though the dele-

tion of the surfactin operon caused enhanced cell growth 

in both BMV12 and BMV13 strains, plipastatin produc-

tion reduced (Fig.  2a). Plipastatin production was sig-

nificantly decreased not only under native expression 

of plipastatin operon (BMV12) but also when  Ppps was 

exchanged against constitutive  Pveg promoter (BMV13).

In order to see the effect of combining the features of 

promoter exchange and repairing degQ gene expression, 

the strain BMV14 was constructed. Comparably to strain 

BMV9, the expression of degQ had a negative effect on 

surfactin production (Fig.  2b). Interestingly, no additive 

effect was observed on plipastatin production by BMV14 

(Fig.  2a). In summary, we concluded that under the 

same conditions, BMV11 was able to produce the high-

est amounts of plipastatin compared to all other mutant 

strains constructed.

Impact of amino acid supplementation on plipastatin 

production

To verify the impact of amino acid precursors on pli-

pastatin and surfactin formation (Additional file 1), seven 

different amino acids including glutamic acid, glutamine, 

isoleucine, alanine, threonine, proline and ornithine 

with a concentration of 30  mM were additionally sup-

plemented in mineral salt medium. BMV9 (3NA sfp +) 

and BMV12 (3NA sfp + plipastatin mono-producer) were 

selected to evaluate the produced plipastatin under con-

trol of native  Ppps promoter, in the presence and absence 

of the surfactin operon.

As it is shown in Table  1, except for ornithine, a 

decrease in plipastatin titer was observed when supple-

menting BMV9 strain with the other six amino acids. 

Interestingly, in the plipastatin mono-producer BMV12 

strain, supplementation of the ornithine led to a detect-

able plipastatin titer. Neither in control cultures (with-

out amino acid supplementation) nor in the presence 

of other amino acids, no detectable production was 

observed. Subsequently, it was observed that cultiva-

tion of BMV13 (constitutive plipastatin mono-producer) 

in supplemented medium with ornithine let to enhance 

in plipastatin titer (about 10%). Furthermore, it is note-

worthy to mention that the observed plipastatin chro-

matogram on silica HPTLC plate of BMV12 (plipastatin 

mono-producer) in the presence of ornithine exhibited 

a modified pattern compared to the plipastatin stand-

ard (B. subtilis plipastatin/fengycin standard, Lipofabrik 

france) and parental BMV9 strain (Fig.  3A). Although 

the detected signals in the chromatogram showed simi-

lar Rf values compared to the standard, not all standard 

peaks could be observed. Therefore, HPLC–MS analysis 

was performed for identification of plipastatin variants or 

homologs.

Fig. 2 Overview about production of plipastatin (a) and surfactin (b) 

in respect to reached optical densities  (OD600) of different engineered 

mutant strains after 48 h cultivation in mineral salt medium; BMV9, 

control strain (3NA sfp +); BMV10, repaired degQ expression; BMV11, 

promoter exchange of pps operon; BMV12, deletion of srfA operon; 

BMV13, combination of promoter exchange and srfA operon deletion; 

BMV14, combination of promoter exchange and repaired degQ 

expression

Table 1 Plipastatin titers achieved of B. subtilis BMV9 (3NA 

sfp +) and  B. subtilis BMV12 (3NA sfp + plipastatin mono-

producer)

Plipastatin titers measured after 48 h cultivation in mineral salt medium 
supplemented with 30 mM of the indicated amino acids compared to control 
cultivations (without any amino acid supplementation).

*Not detectable

Supplementation B. subtilis BMV9 B. subtilis BMV12

Plipastatin (mg/L) Plipastatin (mg/L)

Control 19.1 ± 0.1 n. d.*

Glutamic acid 7.8 ± 0.2 n. d

Glutamine 6.6 ± 0.9 n. d

Isoleucine 10.5 ± 2.6 n. d

Alanine 14.3 ± 0.9 n. d

Threonine 11.3 ± 0.8 n. d

Proline 14.4 ± 1.3 n. d

Ornithine 18.4 ± 2.4 6.3 ± 0.5

28



Page 5 of 12Vahidinasab et al. Microb Cell Fact          (2020) 19:205  

Mass spectrometry analyses of plipastatin variants 

produced by BMV12 with supplementation of ornithine

Plipastatin produced by B. subtilis is a mixture of sev-

eral homologs based on the length of fatty acid chain 

and variants within peptide moiety [33]. The patterns of 

the HPTLC chromatograms of produced plipastatin are 

comparable between the B. subtilis plipastatin standard 

and the sample extracts of the parental BMV9 strain. 

In both cases, plipastatin splits into several peaks. This 

might indicate that several plipastatin variants were pro-

duced (Fig. 3A [a, b]). Subsequently, plipastatin pattern of 

mono-producer strain BMV12 was analyzed by HPTLC 

and it appeared in one peak in the same Rf values (Fig. 3A 

[c]). Thus, it was assumed that deletion of srfA operon 

resulted in an accumulation of specific plipastatin vari-

ants whereas other subtypes were diminished. To get a 

perception about the different plipastatin variants pre-

sent in B. subtilis, the high-purified plipastatin standard 

was analyzed by mass spectrometry (HPLC–ESI–MS). 

The results showed that a large variety of plipastatin sub-

types with saturated and unsaturated fatty acid chains is 

present in the plipastatin standard (Additional file  2A). 

Mainly, A and B type plipastatin were detected in the 

LC–ESI–MS analysis, but also other plipastatin variants 

were observed. Some of them could be assigned to pli-

pastatin C, D or S types [34] based on their diagnostic 

marker ions. In addition, other plipastatin variants were 

detected that were not described in previous studies in B. 
subtilis so far. Therefore, they were named in this study 

as W, U and Y. To get an overview about the differences 

in plipastatin variants produced by BMV12, shake flask 

cultivation was performed in mineral salt medium sup-

plemented with ornithine. Samples were then harvested 

from the exponential and stationary phase (plipastatin 

HPTLC chromatograms were comparable in both growth 

phases) and also analyzed by LC–ESI–MS. Afterwards, 

the peak areas of identified plipastatin variants were used 

to determine ratios in between BMV12 samples and were 

compared to that of the plipastatin standard (Fig.  3B). 

Variants of the subtypes plipastatin A and plipastatin B 

were detected in both BMV12 samples and the standard, 

even though especially plipastatin B  C14u (unsaturated 

fatty acid chain with 14 carbon atoms) and plipastatin 

B  C15s (saturated fatty acid chain with 15 carbon atoms) 

showed higher relative abundance in the standard in 

contrast to BMV12 samples. In contrast, slightly higher 

abundances of plipastatin B  C16u and plipastatin B 

 C18s were detected in both samples of BMV12. Taken 

together, no major differences were detected between 

standard and BMV12 plipastatin extracts. Hence, the rea-

son for the variation of the plipastatin pattern based on 

the deletion of surfactin operon could not be explained. 

Another interesting observation was the accumulation 

of different plipastatin variants (named in this study pli-

pastatin Y, W and U) during the stationary phase. Due to 

the cultivation with mineral salt medium, a limitation of 

the amino acids during the stationary phase is very likely. 

Insofar, the accumulation of plipastatin Y, W and U could 

be due to the incorporation of different amino acids into 

the peptide residue of plipastatin.

Discussion

In this study, B. subtilis 3NA was engineered to construct 

a plipastatin mono-producer strain and to gain more 

insights about plipastatin production. Previously, it was 

shown that DegQ positively regulates plipastatin produc-

tion [30]. In fact, DegQ stimulates autophosphorylation 

of DegS sensor kinase resulting in enhanced phospho-

transfer to DegU response regulator [29, 35]. As a result, 

the phosphorylated and activated DegU-P version causes 

higher expression of ppsABCDE operon and increases the 

plipastatin production [36]. In this study, repair of degQ 

expression (strain BMV10) ensured DegU-P activation, 

which doubled the production of plipastatin compared to 

parental BMV9 strain (3NA sfp +). In this context, previ-

ous results from Tsuge et al. [30] showed a tenfold higher 

plipastatin production when ppsABCDE, degQ and sfp 

were combined in a B. subtilis plasmid expression system. 

Furthermore, Wang et al [31]. described a decrease of pli-

pastatin after in-frame mutagenesis of degQ in B.  subti-
lis NCD-2. Afterwards, with respect to the relatively low 

expression level of ppsABCDE operon, an approximately 

fivefold higher plipastatin formation was achieved by the 

exchange of the native  Ppps promoter against constitutive 

 Pveg promoter (strain BMV11). Previous to this study, the 

effect of promoter exchange on the amount of plipastatin 

Fig. 3 A Detected HPTLC chromatograms of the standard plipastatin in comparison with plipastatin produced by BMV9 (3NA sfp +) and BMV12 

(3NA plipastatin mono-producer) with and without ornithine supplementation. Plipastatin standard produced by B. subtilis (Lipofabrik, France) [a], 

plipastatin produced by BMV9 strain after 48 h cultivation in mineral salt medium without any amino acid and with ornithine supplementation [b]; 

plipastatin produced by BMV12 strain after 48 h cultivation in mineral salt medium without amino acid and with ornithine supplementation [c]. B 

Comparison of plipastatin variants ratios in plipastatin standard and mono-producer BMV12 strain during exponential and stationary phase. The 

BMV12 was cultivated in mineral salt medium supplemented with 30 mM of ornithine. The samples were taken after 24 h (exponential phase) and 

48 h (stationary phase). Peak areas were determined by extracted ion chromatograms for each plipastatin variant using their precise m/z values. 

Ratios of the peak areas of plipastatin variants were calculated within the standard and the two sample points

(See figure on next page.)
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produced was reported only on a few cases. For instance, 

promoter exchange of native  Ppps promoter against 

native  Pfen from B. subtilis 21332 caused no plipastatin 

overproduction. In contrast, a tenfold higher plipastatin 

production was obtained when  Pfen from strain BBG21 

(a spontaneous mutant of B. subtilis ATCC 21332) was 

integrated [37]. In the following step, it was observed 

that the combination of both repair of degQ expression 

and the  Ppps promoter exchange (BMV14), had no addi-

tional effect on the plipastatin titer compared to BMV11 

(constitutive plipastatin producer). This is in contrast 

to the comparison of parental BMV9 and BMV10 when 

functional degQ expression increases plipastatin produc-

tion about twofold. An explanation could be addressed by 

the DegQ mediated activation of DegU-P regulon, which 

causes in general the increase of secretory proteases [38, 

39]. These proteases could target plipastatin for degrada-

tion. In sum, this negative effect could be more notice-

able in a constitutive pps operon expression  (Pveg) which 

make a higher amount of DegQ not benefical.

Another aim of this study was to construct a strain 

that ensures constitutive plipastatin mono-production. 

In a recent work, it was shown that deletion of srfAA 

significantly reduced the plipastatin production and on 

the other hand deletion of srfAC showed no effect [25]. 

The authors argued that probably srfAA has a regula-

tory effect on plipastatin production. Furthermore, they 

also observed another significant decrease in plipasta-

tin production when pnp gene, which is responsible for 

biosynthesis of multifunctional polynucleotide phos-

phorylase (PNPase) [40] was deleted. The regulation of 

PNPase on plipastatin biosynthesis can happen through 

effect on comS expression. Subsequently, it was hypoth-

esized that comS expression in an unknown complex 

pathway positively regulates plipastatin formation. In this 

study, we have deleted the whole srfAA-AD operon and 

retained comS with the native  PsrfA promoter (BMV12). 

In BMV12, even though comS was retained, plipastatin 

titer decreased to a non-detectable concentration con-

firming previously described study [25] that srfAA or 

in general, the expression of surfactin synthetase has a 

positive effect on plipastatin production. This observa-

tion was consistent after exchange of native  Ppps against 

 Pveg (BMV11 compared to BMV13). Likewise, in another 

study  Ppps promoter was exchanged against a strong 

 PamyQ promoter from Bacillus amyloliquefaciens result-

ing in an increase in plipastatin production. However, 

after elimination of surfactin synthetase by deletion of 

srfAB, srfAC and srfAD genes, plipastatin production did 

not change [11]. Hence, in respect to our results and pre-

viously described studies [11, 25] we conclude that, subu-

nits of the surfactin synthetase have different impacts on 

plipastatin production.

Another rational factor in increasing the plipastatin 

production is the presence of a sufficient quantity of pre-

cursors in the cultivation medium. Therefore, we have 

attempted to improve plipastatin production by supply of 

seven amino acids of the plipastatin peptide chain in the 

mineral salt medium. Previously, these seven amino acids 

as the only nitrogen source were used in the mineral salt 

medium and compared with other nitrogen sources such 

as urea and ammonium carbonate [41]. Accordingly, 

urea was introduced as the best nitrogen source and ala-

nine, followed by glutamic acid, were the best sources 

of nitrogen among the other amino acids. In this study, 

approximately the same concentration of amino acids 

were added to the medium besides urea as the main 

nitrogen source. Since, surfactin synthetase, assumably 

has a regulatory effect on plipastatin production, the sup-

plementation of amino acids was examined in two strains 

of BMV9 (3NA sfp +) and BMV12 (3NA sfp + plipastatin 

mono-producer). Among all the amino acids used, orni-

thine was the only amino acid induced a detectable pli-

pastatin production in mono-producer (BMV12), while 

it has not been measured in the other cultivations of 

BMV12. Interestingly, in the strain BMV9, the supple-

mentation of different amino acids had different effects 

on final plipastatin titer. As it was shown in Fig.  1, the 

optical density of BMV9 directly decreased after glucose 

consumption whereas the plipastatin titer remained sta-

ble over time. Therefore, a comparison of the plipasta-

tin production per biomass after 48  h cultivation is not 

reasonable. Accordingly, the results show that expect for 

ornithine, the additional supplementation of amino acids 

reduced in general the plipastatin titer in BMV9. This can 

be explained due to (de-) activation of stringent response 

in B. subtilis which occurs in amino acid limitation. Acti-

vation of stringent response results in enhanced provi-

sion of branched-chain amino acids [42, 43]. Conversely, 

by addition of amino acids in the cultivation medium, the 

positive side effect of stringent response will be reduced. 

However, supplementation of ornithine in the medium 

had no negative effect and it was the only amino acid that 

enhanced the plipastatin produced by BMV12 (plipasta-

tin mono-producer) to a detectable level. Therefore, it is 

concluded that ornithine is an indispensable constituent 

for a plipastatin mono-producer B. subtilis strain.

Conclusions

This study provides evidence that degQ stimulates the 

native plipastatin production. A significant decrease 

in plipastatin productivity after deletion of the surfac-

tin operon in a constitutive plipastatin producer strain 

suggested that full plipastatin production requires the 

surfactin synthetase or some of its components. Never-

theless, the impact of surfactin synthetase existence on 
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plipastatin formation is still unknown. In order to con-

struct a plipastatin mono-producer strain suitable for 

cultivation in large quantities in a bioreactor, understand-

ing the mutual impact between surfactin and plipasta-

tin syntheses might help to increase the final plipastatin 

production. Furthermore, as another conclusion of this 

study, results point towards ornithine provision being 

an indispensable constituent for a plipastatin mono-pro-

ducer B. subtilis strain. Therefore, targeting the ornithine 

metabolic flux might be a promising strategy to further 

investigate and enhance plipastatin production by B. sub-
tilis plipastatin mono-producer strains.

Materials and methods

Chemicals, materials and standard procedures

All chemicals were acquired from Carl Roth GmbH & 

Co. KG (Karlsruhe, Germany) if not, mentioned other-

wise. Standard molecular techniques were carried out 

as described by Sambrook and Russell [44]. The desired 

DNA fragments were amplified in polymerase chain 

reactions using DNA Polymerase (Phusion High-Fidelity 

#M0530S, New England BioLabs, Frankfurt am Main, 

Germany). The PCRs were carried out on a PCR thermal 

cycler (prqSTAR 96X VWR GmbH, Darmstadt, Ger-

many). Chromosomal DNA was purified with a ready to 

use kit (innuPREP Bacteria DNA Kit) and plasmid DNA 

was extracted with innuPREP Plasmid Mini Kit (Analytik 

Jena AG, Jena, Germany). After PCR reactions, amplified 

DNA fragments were extracted after agarose-based gel 

electrophoresis with QIAquick PCR & Gel Cleanup Kit, 

according to the manufactures’ instruction. Restriction 

enzymes and alkaline phosphatase (#M0290) was pur-

chased from New England BioLabs (Frankfurt am Main, 

Germany) and T4 DNA ligase were purchased from 

Thermo Fisher Scientific (Karlsruhe, Germany). All liga-

tion reactions were performed overnight at 4 °C. For bet-

ter efficiency of ligation, a PEG 8000 solution was added. 

Oligonucleotides were synthesized by Eurofins MWG 

(Ebersberg, Germany).

Strains, plasmids and transformation method

All strains and plasmids used in this study are shown in 

Table 2. Oligonucleotides used for construction of strains 

and plasmids are listed in Table 3. Escherichia coli JM109 

was used for plasmid propagation and cloning. Trans-

formation of E. coli strains were carried out according to 

the standard heat-shock method [45]. B. subtilis JABs32 

strain, a sfp + derivate of B. subtilis 3NA, was used for 

mannose counterselection. Therefore, erythromycin 

resistance gene (erm) for manPA deletion was removed 

Table 2 Bacterial strains and plasmids used in this study

Strain or plasmid Genotype or description Reference

Strains

 Escherichia coli

  JM109 mcrA recA1 supE44 endA1 hsdR17 (rK
–mK

+) gyrA96 relA1 thi ∆(lac-proAB) F’ [traD36 proAB+ lacIq lacZ ∆M15] [48]

 Bacillus subtilis

  JABs24 B. subtilis 168 ΔmanPA; trp + ; sfp + ; [49]

  3NA spo0A3; [50]

  JABs32 spo0A3; ΔmanPA::erm; sfp + ; J. Altenbuch-

ner (unpub-

lished)

  BMV9 spo0A3; ΔmanPA; sfp + ; This study

  BMV10 spo0A3; ΔmanPA; sfp + ; ΔamyE:: degQ (from B. subtilis  DSM10T) This study

  BMV11 spo0A3; ΔmanPA; sfp + ;  Ppps-ppsA-E::  Pveg–ppsA-E This study

  BMV12 spo0A3; ΔmanPA; sfp + ; ΔsrfAA-AD:: comS-erm This study

  BMV13 spo0A3 ΔmanPA; sfp + ; ΔsrfAA-AD:: comS -erm;  Ppps-ppsA-E::Pveg–ppsABCDE This study

  BMV14 spo0A3; ΔmanPA; sfp + ;  Ppps-ppsABCDE::Pveg–ppsABCDE; ΔamyE::degQ (from B. subtilis  DSM10T) This study

Plasmids

 pJOE6743.1 oripUC18, bla, spc, manP, ter-lacI-lacZα-ter [51]

 pJOE7644.2 oripUC18, bla,PmanP-manP, spc, manR-ctaO [46]

 pJOE4786.1 oripUC18, bla, ter-′lacI-lacZα-ter [52]

 pKAM312 oripBR322, rop, ermC, bla, amyE′-[ter-PglcR-lacZ-spcR]- ′amyE [46]

 pMAV3 pJOE4786.1 containig  Pveg::Ppps exchange fragment (integrated by Sma I) This study

 pMAV4 pJOE6743.1 containig  Pveg::Ppps exchange fragment (integrated by Hind III) This study

 pMAV5 pKAM312 containing degQ (B. subtilis  DSM10T) (integrated by Hind III) This study
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by the use of plasmid pJOE7644.2 resulting in BMV9 

[46]. Strain BMV9 was used as parental strain for con-

struction of further mutant strains. Transformation of 

natural competent B. subtilis strains was performed 

according to the “Paris method” [47]. Depending on the 

selection marker, the transformants were selected on LB 

agar supplemented with ampicillin (100  μg/mL), spec-

tinomycin (100  μg/mL) or erythromycin (10  μg/mL for 

E. coli and 5 μg/mL for B. subtilis). All plates were incu-

bated at 37 °C.

Construction of plasmids for strain engineering

For markerless promoter exchange, LFH-PCR method 

was used [53]. Accordingly, upstream and downstream 

wild-type sequence of pps promoter region was fused 

with veg promoter. After ligation into Sma I digested 

pJOE4786.1 resulting in pMAV3, target sequence was 

isolated by Hind III digestion and was subsequently inte-

grated into pJOE6743.1 (results in pMAV4). Afterwards, 

plasmid pMAV4 was transformed into strain BMV9 fol-

lowed by the protocol described before [51].

For the integration of the degQ gene including pro-

moter region (+ 510  bp) and terminator structure from 

B. subtilis  DSM10T, the primer s1410 and s1409, contain-

ing Nde I and EcoR I restriction sites, were used. After

restriction digestion, the degQ fragment was ligated into

pKAM312 [46] resulting in pMAV5. After transforma-

tion of pMAV5 into parental strain BMV9 and other

mutant strains, transformants were selected on LB agar

plates containing spectinomycin. To ensure the correct-

ness of plasmids and mutant strains, all constructs were 

confirmed by sequencing (Eurofins Genomics Germany 

GmbH, Ebersberg, Germany).

Deletion of surfactin operon and retain of comS gene

The principle of LFH-PCR was utilized to design a DNA 

fragment for deletion of srfA operon and simultaneously 

retain of comS gene. A fusion of upstream region of srfA 

operon with comS gene ensured a wild-type expres-

sion. For a simple strain selection, comS gene was addi-

tionally linked with erythromycin resistance cassette 

(erm) of pKAM312. An uncoupled erm gene expression 

was ensured by maintaining the natural  Perm promoter 

region from pKAM312. Figure 4 illustrates the described 

strategy.

Cultivation in mineral salt medium

The mineral salt medium used was based on the fer-

mentation medium of Willenbacher et  al. [54] with 

slight changes. The composition of the final medium 

was: 20  g/L glucose, 4.0 × 10−6  M  Na2EDTA × 2  H2O, 

7.0 × 10−6  M  CaCl2, 4.0 × 10−6  M  FeSO4 × 7  H2O, 

1.0 × 10−6  M  MnSO4 × H2O, 50  mM Urea, 0.03  M 

 KH2PO4, 0.04  M  Na2HPO4 × 2  H2O and 8.0 × 10−4  M 

 MgSO4 × 7  H2O.

For the first preculture, 10  mL LB medium (10  g/L 

tryptone, 5  g/L NaCl, 5  g/L yeast extract) was inocu-

lated with 10  μL glycerol stock solution in a 100  mL 

Table 3 Oligonucleotides used in this study

Name Sequence 5′–3′ Purpose

s1009 CTG CCG TTA TTC GCT GGA TT Integration of degQ gene (B. subtilis DSM10T) (+ 510 bp) in amyE locus

underlined sequences highlight the Nde I and EcoR I restriction sites1410 ATT ATT AACAT ATG CGG CGT ACC TCA TAC GGA TACAC 

s1409 ATT ATT AAGAA TTC CTC CTT GAT CCG GAC AGA ATC 

s1010 AGA GAA CCG CTT AAG CCC GA

s1221 GGA AAG TGA AAA AAG GAG AAGG Construction of  Pveg::Ppps promoter exchange

s1222 CCT ATG CAG GTT TTC AAC TGT TAT TGA TTT GCC AAA ATG ACA G

s1223 CAG TTG AAA ACC TGC ATA GG

s1224 TGC ATC CAC CTC ACT ACA T

s1225 ATG TAG TGA GGT GGA TGC ATT GAG CGA ACA TAC TTA TTC TTT AAC 

s1226 CAT TTA AAG AGA TTC CAT CCA TTA TGA TAT G

s1162 CAT GAT TTT CAG GTC TGC AAG AAC Construction of srfAA-AD:: comS-erm

s1163 GTT CAA ACG TCT GCT CCT CCT TAA TCT TTA TAA GCA GTG AAC ATG TGC 

s1164 AGG AGG AGC AGA CGT TTG AAC 

s1165 CTT CTC CCT CCA GCA GAA GTAC 

s1166 CTT CTG CTG GAG GGA GAA GTA GGT ATA AAT TTAAC-GAT CAC TCA TCA 

TGTTC 

s1167 GAC CGA TAG ATT TTG AAT TTA GGT GTC 

s1168 CAC CTA AAT TCA AAA TCT ATC GGT CGA ATG CCAAT-TTC TGC ATG GTA TAA TAG 

s1169 GGC AAC CTG ATG GAT AAA GAA ATT G
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baffled shake flask. After 8  h of cultivation, the cells 

were transferred to 10  mL mineral salt medium with 

an initial  OD600 of 0.1 as a second preculture. This pre-

culture was incubated overnight and after reaching an 

 OD600 between 2–4 the main culture was inoculated. 

The main cultivations took place in 1 L Erlenmeyer baf-

fled flasks with the final volume of 100  mL and initial 

 OD600 of 0.1. All cultivation had three biological rep-

licates and were performed at 30 °C and 120 rpm in an 

incubation shaker (Innova 44®R, Eppendorf AG, Ham-

burg, Germany).

Additionally, the influence of potentially critical amino 

acids including glutamic acid, glutamine, isoleucine, ala-

nine, proline and ornithine on plipastatin production was 

tested using mineral salt medium complemented with 

30 mM of each amino acids.

Extraction of lipopeptides and HPTLC analysis

The cell-free supernatants were obtained by centrifuga-

tion at 4700 rpm and 4 °C and were used for extraction of 

lipopeptides following the method described before with 

slight changes [55]. In detail, 2 mL of cell-free superna-

tant was mixed 3 times with 1  mL 1-butanol 95% (v/v) 

by vortexing for 1 min, followed by 5 min centrifugation 

at 3000  rpm to separate organic phase. After complete 

evaporation of butanol phases (RVC2-25 Cdplus, Mar-

tin Christ Gefriertrocknungsanlagen GmbH, Osterode 

am Harz, Germany) at 10 mbar and 60 °C, the remaining 

residues were dissolved in 2  mL methanol. To quantify 

surfactin and plipastatin production, these methanolic 

fractions were separated by HPTLC (CAMAG, Muttenz, 

Switzerland) as described previously [56].

Structural analysis of plipastatin variants by Mass 

spectrometry

LC–MS analysis of plipastatin was performed on a 1290 

UHPLC system (Agilent, Waldbronn, Germany) cou-

pled to a Q-Exactive Plus Orbitrap mass spectrometer 

equipped with a heated electrospray ionization (HESI) 

source (Thermo Fisher Scientific, Bremen, Germany). 

Analyte separation was achieved by a Waters ACQUITY 

CSH C18 column (1.7 μm, 2.1 μm × 150 mm). The col-

umn temperature was maintained at 40  °C. Samples 

were dissolved in methanol and 5 μl of each sample was 

injected. Mobile phase A was 0.1% formic acid in water 

(v/v), and mobile phase B 0.1% formic acid in acetoni-

trile (v/v). A constant flow rate of 0.3 mL/min was used 

and the gradient elution was performed as follows: 0 – 

15% B from 0 to 15 min, 15–75% B from 15 to 29 min, 

75–100% B from 29 to 32 min, isocratic at 100% B from 

32 to 36  min, the system was returned to initial con-

ditions from 100% B to 0% B from 36 to 37  min. The 

HESI source was operated both in positive and nega-

tive mode, with a capillary voltage of 3.90  kV and an 

ion transfer capillary temperature of 350 °C. The sweep 

Fig. 4 Schematic illustration of the construction of PCR fragment in order to delete surfactin operon and retain back comS with the native  PsrfA 

promoter using LFH-PCR method
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gas and auxiliary pressure rates were set to 35 and 10, 

respectively. The S-Lens RF level was 50%, and the aux-

iliary gas heater temperature was 150 °C. The tempera-

ture of ion transfer capillary, spray voltage, sheath gas 

flow rate, auxiliary gas flow rate and S-lens RF level 

were set to 325  °C, 3.5 kV, 60, 30 and 55, respectively. 

The Q-Exactive Plus mass spectrometer was calibrated 

externally in positive and negative ion mode using the 

manufacturer’s calibration solutions (Pierce/Thermo 

Fisher, Germany). Mass spectra were acquired in MS 

mode within the mass range of 600–1800 m/z at a reso-

lution of 70,000 FWHM using an Automatic Gain Con-

trol (AGC) target of 1.0 × 106 of and 100 ms maximum 

ion injection time. Data dependent MS/MS spectra in 

a mass range of 200–2000  m/z were generated for the 

five most abundant precursor ions with a resolution 

of 17,500 FWHM using an Automatic Gain Control 

(AGC) target of 5.0 × 104 of and 64  ms maximum ion 

injection time and a stepped collision energy of 20, 60 

and 150. Xcalibur™ software version 4.0.27 (Thermo 

Fisher Scientific, San Jose, USA) was used for data 

acquisition and data analysis.
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Abstract
Bacillus subtilis is described as a promising production strain for lipopeptides. In the 
case of B. subtilis T, surfactin and plipastatin are produced. 
Lipopeptide formation is controlled, among others, by the DegU response regulator. 

-
tropic regulator DegQ, resulting in enhanced DegU activation. In B. subtilis
point mutation in the degQ promoter region leads to a reduction in gene expression. 
Corresponding reporter strains showed a 14-fold reduced expression. This effect on 
degQ expression and the associated impact on lipopeptide formation was examined 
for B. subtilis B. subtilis

T, which has a native degQ expression. Based on the stimula-
tory effects of the DegU regulator on secretory protease formation, the impact of 
degQ expression on extracellular protease activity was additionally investigated. To 
follow the impact of degQ T, while a na-
tively expressed degQ version was integrated into strain JABs24. This allowed strain-
specific quantification of the stimulatory effect of degQ expression on plipastatin and 

T. While an 
unaffected degQ expression reduced surfactin production in JABs24 by about 25%, 
a sixfold increase in plipastatin was observed. In contrast, degQ T

increased surfactin titer by threefold but decreased plipastatin production by fivefold. 
In addition, although significant differences in extracellular protease activity were 
detected, no decrease in plipastatin and surfactin produced during cultivation was 
observed.

K E Y W O R D S
Bacillus subtilis, degQ, lipopeptide, plipastatin, secretory proteases, surfactin
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B. subtilis is one of the best characterized gram- positive bacteria and 
serves as a model organism for fundamental and applied research.
The knowledge about the physiology of B. subtilis made this strain

context, B. subtilis is used as a super- secreting cell factory due to
benefits such as excellent fermentation properties, high product
yields in gram per liter range, and the lack of toxic by- products (van 
Dijl & Hecker, 2013). In addition to the production of industrially
relevant enzymes and vitamins (Cui et al., 2018), B. subtilis natively
forms a variety of secondary metabolites. Among these compounds, 
three lipopeptide families, in particular, namely surfactin, iturin, and 
fengycin, are reported to have broad bioactivity based on a common 
amphipathic structure comprising a fatty acid linked to a peptide

acid sequences in the circular peptide and variable fatty acid chain
lengths give each lipopeptide unique properties (Zhao et al., 2017).
In the genome of Bacillus spp., bacteria encoding for fengycin bio-
synthesis also show the ability to produce surfactin (Kim et al., 2010; 
Yaseen et al., 2018). In this context, regulatory crosstalk of non-

most powerful microbially produced biosurfactants and has great
potential to be used in many industrial sectors such as cosmetics,
pharmaceuticals, as well as food (Henkel et al., 2017; Hoffmann
et al., 2021). The benefits of surfactin are not limited to emulsifying 
activity, as some studies reported antimicrobial and anticancer prop-
erties (Béven & Wroblewski, 1997; Kameda et al., 1974). Fengycins, 
including plipastatin as a member of this group, have been shown to 
have several antagonistic effects for soil- borne fungal phytopatho-
gens and may act as elicitors for systemic plant resistance (Cawoy
et al., 2015). Moreover, fengycin has been described to have anti-

Ongena et al., 2007; Raaijmakers et al., 2010; Yin et al., 2013). Due
to these characteristics, fengycin has great potential for future agri-
cultural applications.

acid chain. In the case of surfactin and plipastatin, a hepta-  or deca- 
peptide moiety, respectively, is linked to a β- hydroxy fatty acid chain 

srfAA- AD operon for surfactin and by the ppsA- E operon for plipasta-

-

superordinated stimuli such as quorum sensing and nutrient avail-

Different physiological adaptations are associated with the DegU 
regulon, including the formation of extracellular enzymes, genetic 

competence, and biofilm formation (Dahl et al., 1992; Kobayashi, 

-

1999). As a response regulator, DegU is part of the two- component 
-
-

genes (Murray et al., 2009). In addition to this process, DegQ, a small 

-

domesticated laboratory model strain B. subtilis
degQ

Lazazzera, 2005). As a result, phospho- transfer for DegU activation 
is reduced.

In this study, the lipopeptide- producing B. subtilis strain JABs24, 
an sfp+ derivative of B. subtilis T, 
which exhibits a native degQ expression, were used to analyze the 
effect of degQ expression on lipopeptide production and formation 
of secretory proteases.

|

|
procedures

-
-

-

-
-

facture's instruction.

|
transformation method

All strains and plasmids used in this study are summarized in Table 1. 
The oligonucleotides used to construct the strains and plasmids are 
listed in Table 2. Escherichia coli JM109 was used for plasmid propa-
gation and cloning. Transformation of naturally competent B. subtilis 

Cutting, 1990). Depending on the selection marker, transformants 
were selected on Lysogeny Broth agar supplemented with ampicillin 
(100 μg/ml), spectinomycin (100 μg/ml), or erythromycin (10 μg/ml for 
E. coli and 5 μg/ml for B. subtilis). All plates were incubated at 37 .
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degQ gene of B. subtilis 
T including native promoter region (+ 510 bp) and terminator 

structure was integrated into the amyE locus of B. subtilis JABs24 
by integrating the deletion of degQ gene in B. subtilis T using 

Bacillus knockout erythromycin (BKE) strain 

TA B L E  1

Strain or plasmid Origin or Genotype References

Escherichia coli

JM109 mcrA recA1 supE44 endA1 hsdR17 (rK mK
+)

gyrA96 relA1 thi Δ(lac- proAB)

F´[traD36 proAB+ lacIq lacZ ΔM15]

Bacillus subtilis

JABs24 trp+; ΔmanPA; sfp+

T wild- type strain
Cell Cultures

trp+; ΔmanPA; sfp+; This study

ΔamyE::+510 bp- degQ
T; ΔdegQ::erm This study

BKE31720 trpC2; ΔdegQ::erm

BMV15 T wild- type; This study

amyE degQ- lacZ, spcR]

(degQ promoter region for lacZ fusion

was derived from B. subtilis T)

trp+; ΔmanPA; sfp+; This study

amyE degQ- lacZ, spcR]

(degQ promoter region for lacZ fusion

was derived from B. subtilis T)

BMV17 T wild- type; This study

amyE degQ- lacZ, spcR]

(degQ promoter region for lacZ fusion

was derived from B. subtilis JABs24)

BMV18 trp+; ΔmanPA; sfp+; This study

amyE degQ- lacZ, spcR]

(degQ promoter region for lacZ fusion

was derived from B. subtilis JABs24)

oripUC18, bla, rop, ermC, Hoffmann et al. (2021)

amyE ter srfAA- lacZ, spcR amyE

pMAV5 oripBR322, rop, ermC, bla, Vahidinasab et al. (2020)

amyE -́ [ter glcR -  +510 bp- degQ- spcR]- ́amyE

pMAV14 oripUC18, bla, rop, ermC, This study

amyE ter degQ- lacZ, spcR amyE

(degQ promoter sequence

derived from B. subtilis JABs24)

pMAV15 oripUC18, bla, rop, ermC, This study

amyE ter degQ- lacZ, spcR amyE

(degQ promoter sequence

derived from B. subtilis T)
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BKE31720 carrying the deletion of the degQ gene (ΔdegQ::erm) (Koo 

degQ reporter 

NheI and NdeI 
before integrating amplified degQ promoter regions from JABs24 

T, respectively. The correctness of all mutant strains was 

|

The composition of the mineral salt medium used in this study was 
based on the fermentation medium containing 8 g/L glucose of 
Willenbacher et al., (2014) with slight modifications: 4.0 × 10  M 

2EDTA ×2 H2O, 7.0 × 10  M CaCl2, 4.0 × 10 4 × 7 H2O,
1.0 × 10 4 × H2 4)2 4, 0.03 M KH2 4, 

2 4 × 2 H2O and 8.0 × 10 4 × 7 H2O. An
overnight culture in Lysogeny Broth medium (10 g/L tryptone, 

The second preculture using a mineral salt medium was inoculated 
with exponentially growing cells from the first preculture. When the 
cell culture reached the exponential phase, the main culture was in-
oculated into 1 L Erlenmeyer baffled flasks with a final volume of 
100 ml and an initial OD  of 0.1. All cultivations had three biologi-
cal replicates and were performed at 37  and 0.4 g in an incubation 
shaker (Innova 44®

every four hours to measure optical density (OD ) using a spec-

β- 
galactosidase activity (Miller Assay) described by Hoffmann et al., 

-

three times with chloroform/methanol (2:1). The pooled solvent lay-
ers were dried using a rotary evaporator at 10 mbar and 40 . Dried 

Lipofabrik were used for quantification.

|

For the conversion of OD  into cell dry weight (CDW), the correla-
-

scribed by Willenbacher et al. (2014). The product yield of biomass 
YP/X [g g ] was calculated using Equation 1. For the calculation, the 
mean values of the total mass of the product (m , m ) 
and CDW (mCDW) from the beginning of cultivation to the time point 
at the end of the exponential phase were used.

|

The total activity of the degrading proteins in the cultivation me-
dium was analyzed by azocasein assay. The measurement method 
was adapted from Charney and Tomarell (1947) and applied by Baur 
et al., 2015. In detail, 100 μl of cell- free supernatant was mixed with 
an equal volume of a pre- warmed (40  for 5 min) azocasein solu-
tion (5 g/L, pH 7, dissolved in H2Odd) and subsequently incubated 
for 1 h at 37  and 1.07 g. The reaction was stopped by adding 20 μl 

centrifugation at 1715 g for 10 min at 4 μl of 
the supernatant was transferred to a microtiter plate and mixed with 
50 μ

450 nm. A blank for the measurement was performed with the cell- 
free supernatant after the addition of trichloroacetic acid. A calcula-
tion of the protease activity is summarized in Equations (2) and (3). 

(1)YP∕X =
Δmsurfactin or plipastatin

mCDW

[g ∙ g−1]

(2)ΔA =

∑
A

n
− ABlank[ − ]

(3)
EA =

ΔA ∙ F ∙ V

t ∙ v
∙ 10

[
ΔA ∙ h−1 ∙mL−1

]

TA B L E  2

Primer Purpose

Amplification of

ΔdegQ::erm locus from BKE31720 strain

Verification of ΔdegQ::erm integration into 
T strain

Verification of +510 bp- degQ integration into 
amyE locus

degQ reporter plasmids

TTTCCACACTCCTTT
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The calculation of the absorption difference (ΔA) is described in 
Equation (2). The following volumetric peptidase activity is defined 
in Equation (3) and is determined by the absorption difference (ΔA), 
a dilution factor (F), the total measurement volume (V) [μl], the incu-
bation time (t) [h], and the volume of the cell- free supernatant used 
for the assay (v) [μl].

|

| degQ gene in B. subtilis strains 
JABs24 and DSM10T

As a derivative of B. subtilis
degQ gene com-

pared to B. subtilis wild- type strains such as B. subtilis T 
(Figure 1). This base substitution (T::C) in the promoter region of degQ 

significantly reduced gene expression of degQ
mutation is also prominent when comparing the genome sequences of 
B. subtilis T (Kunst et al., 1997; Lilge et al., 2021).

To analyze the effect of promoter point mutation on degQ gene

degQ- 
lacZ fusions were constructed. Accordingly, time- resolved expres-
sion patterns were measured for both degQ promoter versions in 

T (BMV15 and BMV17). 
The corresponding β degQ 

T exhibited a significantly higher expres-
sion level compared with that of JABs24 (Figure 2). In the transi-
tion between the exponential and stationary phase, approx. 14- fold 
higher Miller Units were detected for the lacZ fusion with degQ pro-

T.

In addition to the confirmation that degQ expression is nearly si-
lenced in strain JABs24, the results have shown that both degQ pro-

T background. Thus, 

degQ  

degQ
JABs24 in the 

transition phase.

| degQ expression on the formation of 
lipopeptides and secretory proteases

It is already known that DegQ acts as a stimulator for autophos-

of DegU response regulator (Do et al., 2011). In the active state, 

flagellin proteins, and non- ribosomal peptide synthetases for the 
biosynthesis of plipastatin and surfactin (Hsueh et al., 2011; Mäder 

2015). To get an overview of the influence of different degQ gene 
expressions on biotechnologically relevant production of plipasta-
tin and surfactin as well as secretory proteases, production strains 
with different degQ expression capabilities were analyzed. For this 

T, and their degQ mu-
-

resents strain JABs24 with native degQ
T strain with degQ deletion.

Using 8 g/L glucose, cell dry weights reduced drastically after 
complete glucose depletion during the cultivation, resulting in de-
tectable cell lysis without any stationary phase (Willenbacher et al., 
2015). However, as previously shown by Vahidinasab et al., (2020), 
the concentrations of surfactin and plipastatin are not negatively 
affected by the reduction of cell dry weight (CDW) during glucose 

degQ sfp+ T strain. (a) The chromatograms obtained after the 
degQ. The extended degQ regions of B. subtilis 

T

sequences were compared and identical nucleotides were marked by stars (*). Information about the annotation of the degQ promoter region 

42



| LILGE ET AL.

T 
showed contrary productivities with respect to surfactin and pli-
pastatin formation (Figure 3a,b). While JABs24 produced a maximum 

was detected (LOD and LOQ for plipastatin is 27 and 82 ng/zone, 
T produced a comparatively 

low surfactin titer of 473 mg/L but 27 mg/L of plipastatin. In com-
parison, the corresponding degQ mutant strains showed altered lipo-

JABs24 with native degQ expression, a reduced surfactin concentra-
tion of 753 mg/L was measured, whereas the plipastatin titer was in-

degQ deletion mutant 
T, showed a promising increase in surfactin production up 

to 1520 mg/L, whereas a 5.2- fold decrease in plipastatin production 
to 5.2 mg/L was determined.

degQ expression is also directly associated with secretory 
T wild- type strains as well 

as their degQ mutants were examined for their ability to form ex-
tracellular proteases. Therefore, endopeptidase activity was mea-
sured in cell- free supernatants using an azocasein assay. In detail, 
JABs24 showed a basal activity for extracellular proteases during 
cultivation with a comparatively small increase to 8.7 ΔA/(h·mL) 
during the late exponential phase (Figure 3a). In contrast, strain 

T showed the highest protease activity of up to 42.8 ΔA/
(h·mL), which reached a plateau after 12 h of cultivation (Figure 3b). 
In respect of the stability of lipopeptides, no reduction of surfac-
tin and plipastatin concentration was detected for both JABs24 and 

T suggesting that secretion of proteases has an inferior im-
pact on lipopeptide production.

In comparison, integration of a natively expressed degQ version 
T strain into JABs24 increased secretory protease 

ΔA/(h·mL) after 24 h) compared to JABs24 
-

ΔA/(h·mL) at the end 
of cultivation (Figure 3d). In this way, deletion of the degQ gene in 

T reduced extracellular protease activity sevenfold.
Table 3 gives an overall summary of the effect of degQ gene ex-

pression on the lipopeptide productivity and secretory protease for-
T and their degQ 

mutant strains.

|

Due to the point mutation within the degQ promoter region, B. sub-
tilis JABs24, the lipopeptide- forming derivative of B. subtilis
shows a drastically reduced degQ gene expression. This circum-

confirmed by using lacZ reporter strains for a time- resolved com-
parison of the expression of the two degQ promoter versions until 
the transient growth phase (Figure 2). In this process, the wild- type 

T
degQ promoter activity com-

of the DegU response regulator, it is reasonable to assume that 
T also displays a more stimulated DegU regulation. The posi-

degQ gene expression ampli-
T

degQ 
promoter activity. The varying DegQ- mediated activation of the 
DegU regulon was also observed by the detection of the lipopep-
tides surfactin and plipastatin as well as the formation of secretory 
proteases. Accordingly, a natively expressed degQ version reduced 
surfactin but increased plipastatin production, while a significantly 
higher extracellular protease activity was detected in the presence 
of the non- mutated degQ promoter version.

While surfactin production is negatively affected by DegQ- 
associated DegU regulation, increased plipastatin biosynthesis is 
achieved in the presence of native degQ expression (Miras & Dubnau, 

-
T. Accordingly, 

after integration of a natively expressed degQ version in JABs24, the 

eightfold increased plipastatin titers, while the elimination of degQ 
T

concentration and a fivefold reduction in plipastatin formation. In 
summary, DegQ can be considered as a regulatory decision point 
for DegU- mediated production of either surfactin or plipastatin. 
Accordingly, lipopeptide- producing derivative strains of B. subtilis 

degQ expression, appear to be predestinated 
T and other B. subtilis wild- 

type strains show more effective plipastatin or fengycin production.

degQ gene expression under the 
control of native and point- mutated degQ
shake flask cultivation with 8 g/L glucose. The lacZ fusion construct 
with native degQ promoter was chromosomally integrated into 
B. subtilis T and JABs24, resulting in strains BMV15 and 

reporter strains with point- mutated degQ T 
and JABs24. Data points represent a mean of three biological 
replicates. The error bars show the standard deviation of the 
calculated values
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Besides the biotechnologically useful production of lipopep-
tides, another aspect is the DegU- associated formation of secretory 
proteases. In this study, the comparison of extracellular protease ac-

T showed the effect of silenced 
degQ T was found to have fivefold 

-
factin and plipastatin showed no decrease in their concentrations 
during the cultivation process, although secretory protease activity 

differed significantly between both strains, suggesting that lipopep-

integration of a natively expressed degQ version in JABs24 (strain 

whereas a sevenfold decrease was observed after deletion of degQ 
T

of degQ expression on the production of extracellular proteases is 
documented.

sfp+ T amyE degQ- degQ
T T degQ::erm

weight (CDW) and green dots display the surfactin, blue dots represent the plipastatin concentration over cultivation time. The data points 
represent a mean of at least two biological replicates. The error bars show the standard deviation of calculated values

T wild- type strains and their inversed degQ mutant strains 

B. subtilis
strains

End of exponential phase

Cultivation 
time [h] CDW [g/L]

surfactin conc. 
[mg/L]

YP/X  
[mg/g]

plipastatin 
conc. [mg/L]

YP/X  
[mg/g]

secretory protease 
activity [ΔA/h·mL]

JABs24 20 1.58 898.7 0.5 0.32 5.7
T 2.73 112.4 42.8

488.0 312.8 4.2 9.8

20 1.33 1290.0 3.2 2.41 4.7
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|

The degQ T and 
JABs24 differ by a single point mutation that leads to a drastic re-
duction of degQ gene expression in JABs24. Based on opposing 
regulatory mechanisms related to the DegU regulator, the presented 
strains show beneficial yields in surfactin or plipastatin production, 
which was confirmed by constructed degQ mutant strains. An ad-
ditional negative effect of silenced degQ expression in JABs24 was 
furthermore quantitatively examined on the formation of extra-
cellular proteases. Although a lipopeptide degradation cannot be 
excluded, different signal strengths of the protease activities meas-
ured during the cultivation processes did not lead to a decrease in 
lipopeptide concentration.
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Abstract: Bacillus strains can produce various lipopeptides, known for their antifungal properties.
This makes them attractive metabolites for applications in agriculture. Therefore, identification of
productive wild-type strains is essential for the development of biopesticides. Bacillus velezensis
FZB42 is a well-established strain for biocontrol of plant pathogens in agriculture. Here, we charac-
terized an alternative strain, B. velezensis UTB96, that can produce higher amounts of all three major
lipopeptide families, namely surfactin, fengycin, and iturin. UTB96 produces iturin A. Furthermore,
UTB96 showed superior antifungal activity towards the soybean fungal pathogen Diaporthe longicolla
compared to FZB42. Moreover, the additional provision of different amino acids for lipopeptide
production in UTB96 was investigated. Lysine and alanine had stimulatory effects on the production
of all three lipopeptide families, while supplementation of leucine, valine and isoleucine decreased
the lipopeptide bioproduction. Using a 45-litre bioreactor system for upscaling in batch culture,
lipopeptide titers of about 140 mg/L surfactin, 620 mg/L iturin A, and 45 mg/L fengycin were
achieved. In conclusion, it becomes clear that B. velezensis UTB96 is a promising strain for further
research application in the field of agricultural biological controls of fungal diseases.

Keywords: Bacillus; surfactin; fengycin; iturin A; bacillomycin D; lipopeptide; secondary metabolite;
antimicrobial; biosurfactant; fungicide

1. Introduction

Bacillus velezensis is known to be associated with plant roots. It is indigenous to the
rhizosphere and provides many benefits to the plants [1,2]. Its value for agronomic applica-
tions lies primarily in the production of a variety of secondary metabolites that can benefit
the plant by acting directly as antagonists against fungal pathogens or indirectly as trig-
gers for systemic plant resistance, and by retaining nutrients such as nitrogen, phosphate,
and iron that can promote plant growth. Therefore, Bacillus velezensis is recognized as a
plant-growth-promoting rhizobacterium (PGPR) [3–8].

Among the Bacillus secondary metabolites, one of the most important groups are
lipopeptides, represented by surfactin, iturin, and fengycin [9]. Notably, Bacillus velezensis
wild-type strains can produce all three types of lipopeptides [10]. Lipopeptides are syn-
thetized by complex non-ribosomal peptide synthetases (NRPSs), hybrid polyketide syn-
thases (PKSs) or a combination of both enzymes [11,12]. These multi enzyme complexes
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are encoded in huge operons and work as a ribosomal-independent “machine” for the
biosynthesis of respective lipopeptides. The structure of lipopeptides consists of a cyclic
peptide chain of 7 to 10 amino acids linked to a β-amino or β-hydroxy fatty acid residue
containing 14 to 19 carbons. The surfactin family consists of a hepta-peptide and the
fengycin family consists of a deca-peptide attached to a β-hydroxy fatty acid chain with
variable chain length [13,14]. All iturins consist of a hepta-peptide linked to a ß-amino fatty
acid often of iso- or anteiso-type and of variable length (C14-C18) [15] (Figure 1). Moreover,
differences in amino acids and fatty acid residues lead to various homologs [16].

Figure 1. Genomic organization and modulation of the NRPSs producing bacillomycin D and iturin A.
(A) Iturin A operon in B. velezensis UTB96 contains four ORFs of ituD, ituA, ituB, and ituC (37,246 bp),
(B) Bacillomycin D operon in B. velezensis FZB42 contains four ORFs of bamD, bamA, bamB, and bamC
(37,251 bp) [17]. The organization of the modules is comparable in both operons, although modules
4–7 catalyze different amino acids for the integration into the peptide moiety.
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Several significant biological functions have been reported for these three lipopeptide
families, such as antifungal, antibacterial, antiviral, antioxidant, and antitumor activities [18–21].
Nevertheless, there is the suspicion that many of the described effects become effective only
through the interaction of the lipopeptides with other bioactive metabolites [22]. Regardless,
lipopeptides have the potential to find application in a variety of areas [19,23]. In more
detail, surfactins are better known as biosurfactant metabolites and iturins reveal the
strongest antifungal activity followed by fengycins [9,24]. Many studies have shown that
the antifungal activity of fengycins is mostly limited to filamentous fungi [25], while iturins
have a broader range and even stronger antifungal activity. Iturins have direct antagonistic
activity and can destroy the fungal cell membrane through a variety of mechanisms [23].
Based on the unique structure of each lipopeptide, the respective molecule exhibits a special
structure-based property. Interestingly, even within the variants of one lipopeptide, there
could be a different antifungal activity. It has been already shown that iturins with longer
fatty acid chains have stronger antimicrobial activity [26–28]. However, although the
bioactivity of lipopeptides, especially the iturin and fengycin families, is beneficial, it has
not yet been possible to carry out targeted application trials with the isolated substance in
agriculture or other disciplines. This is mainly due to the low lipopeptide titers synthesized
by native wild-type producer strains, and thus costly and ineffective production. Most of
biocontrol agents currently in use are based on living microorganisms, mostly as liquid
suspensions and dried formulations prepared from durable spores [17]. As the native
lipopeptide production capabilities seem to be insufficient, improved bacterial production
strains and processes need to be developed. One approach for increased lipopeptide
production is the enhanced availability of precursors, such as amino acids [29–32].

In the present study, to compare the wild-type strain B. velezensis UTB96 [33–35] with
the established B. velezensis model strain FZB42 [36,37], the lipopeptide production was
characterized. Differences in the operons encoding the lipopeptide-producing NRPSs were
identified by bioinformatic analyses and the lipopeptide production validated by mass spec-
trometry analyses. In addition, the potential of UTB96 as a strain with antifungal properties
was highlighted by comparative batch cultivation processes and antifungal approaches.
In addition, strain UTB96 was applied in upscaling with 45-litre bioreactor systems and
the lipopeptide production was analyzed, showing the potential of this strain for future
studies in agriculture. Finally, to identify bottlenecks in the lipopeptide biosynthesis of
UTB96, the influence of the availability of different amino acids on lipopeptide production
was analyzed.

2. Materials and Methods

2.1. Bacterial and Fungal Strains

Bacillus velezensis strains UTB96 and FZB42 were used for characterization of lipopep-
tide production and their potential for antifungal activity. UTB96 was previously isolated
from the soil around a pistachio tree in Iran [33] and is deposited at the Leibniz Institute
German Collection of Microorganisms and Cell Cultures GmbH (DSMZ) under the ac-
cession number DSM 114406. Bacillus velezensis FZB42 (DSM 23117) is a model strain for
Gram-positive PGPR and its antifungal activity has frequently been reported [20].

The fungal pathogen Diaporthe longicolla is described as a seedborne pathogen of
soybean [38]. In this study, D. longicolla DPC_HOH20 causing pod and stem blight on
soybean plants was kindly provided by the Institute of Phytomedicine of the University of
Hohenheim [39].

2.2. Primers and DNA Sequencing

The list of primers is shown in the Supplementary Material S1. Chromosomal DNA
was purified with the ready to use kit innuPREP Bacteria DNA Kit (Analytik Jena AG,
Jena, Germany) and used as a template for amplifying DNA fragments (Phusion High-
Fidelity Polymerase #M0530S, New England BioLabs, Frankfurt am Main, Germany) using
a PCR thermal cycler (prqSTAR 96X VWR GmbH, Darmstadt, Germany). The amplified
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DNA fragments were purified using the QIAquick PCR and Gel Cleanup Kit (Qiagen,
Hilden, Germany), according to the manufacturers’ instructions. All PCR fragments were
sequenced by Eurofins Genomics Germany GmbH (Ebersberg, Germany). Finally, the DNA
sequence was analyzed using the AntiSMASH database version 6 [40] and was blasted
using the National Center for Biotechnology Information Blast database (Rockville Pike
Bethesda, MD, USA).

2.3. LC-MS/MS Analyses of Lipopeptides

The LC-MS/MS analysis of lipopeptides was performed on a 1290 UHPLC system
(Agilent, Waldbronn, Germany) coupled to a Q-Exactive Plus Orbitrap mass spectrometer
equipped with a heated electrospray ionization (HESI) source (Thermo Fisher Scientific,
Bremen, Germany). Analyte separation was achieved by an ACQUITY CSH C18 column
(1.7 μm, 2.1 μm × 150 mm, Waters, Eschborn, Germany). The column temperature was
maintained at 40 ◦C. Samples were dissolved in methanol and 10 μL of each sample was
injected. Mobile phase A was 0.2% formic acid in water, and mobile phase B 0.2% formic
acid in acetonitrile. A constant flow rate of 0.3 mL/min was used and the gradient elution
was performed as follows: 40–70% B from 0 to 12 min, 70–95% B from 12 to 20 min, isocratic
at 95% B from 20 to 24 min, the system was returned to initial conditions from 95% B to
40% B from 24 to 26 min.

The HESI source was operated in the positive ion mode with a spray voltage of
4.20 kV and an ion transfer capillary temperature of 360 ◦C. The sweep gas and auxiliary
pressure rates were set to 60 and 20, respectively. The S-Lens RF level was 50%, and the
auxiliary gas heater temperature was 150 ◦C. The Q-Exactive Plus mass spectrometer was
calibrated externally in positive ion mode using the manufacturers calibration solutions
(Pierce/Thermo Fisher, Germany). Mass spectra were acquired within the mass range of
500 to 1600 m/z at a resolution of 70,000 FWHM using an Automatic Gain Control (AGC)
target of 1.0 × 10E6 of and 100 ms maximum ion injection time. Data dependent MS/MS
spectra in a mass range of 50 to 1600 m/z were generated for the five most abundant
precursor ions with a resolution of 17,500 FWHM using an AGC target of 3.0 × 10E6 and
100 ms maximum ion injection time and a stepped collision energy of 15, 30 and 45. The m/z
values of iturin A, bacillomycin D, fengycin and surfactin lipopeptides were predefined in
an inclusion list to ensure that MS/MS spectra of corresponding precursors were acquired.
Xcalibur™ software version 4.3.73.11 (Thermo Fisher Scientific, San Jose, USA) was used for
data acquisition and data analysis. Peak areas of individual lipopeptides were calculated
based on extracted ion chromatograms (XICs) of the corresponding precursor ions. Samples
were analyzed in triplicate. Assignment of individual lipopeptides was based on the
precise m/z value of the precursor ion, manual inspection of corresponding MS/MS spectra
and comparison with available MS/MS spectra from literature [41–44].

2.4. Media and Cultivation Procedure
2.4.1. Shake Flask Cultivations

A mineral salt medium based on the fermentation medium of Vahidinasab et al. [45]
was used for cultivation in shake flasks. The initial pH of the medium was set as 7 and it
consisted of 4.0 × 10−6 M Na2EDTA × 2 H2O, 7.0 × 10−6 M CaCl2, 4.0 × 10−6 M FeSO4
× 7 H2O, 1.0 × 10−6 M MnSO4 × H2O, 50 mM Urea, 30 mM KH2PO4, 40 mM Na2HPO4
× 2 H2O and 8.0 × 10−4 M MgSO4 × 7 H2O. In addition, glucose was used as the sole
carbon source at concentrations of 8 g/L, 20 g/L, or 40 g/L (m/v). Furthermore, to verify
the impact of amino acid supplementation on lipopeptide formation, 0.5 mM of a single
amino acid was optionally added to the cultivation process.

The first preculture was prepared by inoculating 10 mL of LB medium (10 g/L tryptone,
5 g/L NaCl, 5 g/L yeast extract) with 10 μL of a glycerol stock solution in a 100 mL baffled
shake flask. After 8 h of cultivation, the first preculture was used to inoculate 10 mL mineral
salt medium with an initial optical density (OD600) of 0.1 as the second preculture. The
second preculture was incubated for 10 to 12 h. Exponentially growing cells from the
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second preculture were washed and used for inoculation of the main culture with a final
volume of 100 mL and an initial OD600 of 0.1 in a 1 L baffled shake flask. All cultivations
had three biological replicates and were performed at 30 ◦C and 120 rpm in an incubation
shaker (Innova 44®R, Eppendorf AG, Hamburg, Germany).

2.4.2. Bioreactor Cultivations

Batch-bioreactor cultivations were carried out with the two biological replicates in
42 L custom-built bioreactors (ZETA GmbH, Graz/Lieboch, Switzerland) with a filling
volume of 20 kg. The media used for the fermentation processes were described by
Willenbacher et al. [46].

The bioreactors are equipped with pH (EasyFerm Bio HB Arc 120, Hamilton Bonaduz
AG, Bonaduz, Switzerland) and pO2 probes (VisiFerm DO ARC 120 H0, Hamilton Bonaduz
AG), a temperature sensor and three Rushton turbines. The temperature was fixed at 30 ◦C,
and the pH was regulated to a value of 7.0 by the addition of 4 M NaOH or 4 M H3PO4.
At the beginning of the fermentation process, the stirrer was adjusted to constant 300 rpm;
afterwards, the stirrer was regulated by the online control of the dissolved oxygen that
was set to a minimum of 20%. The airflow was adjusted to 0.07 vvm. Foam fractionation
methods are described by Klausmann et al. [47] including the use of a foam centrifuge as
well as the antifoam agent Contraspum A4050 (Zschimmer and Schwarz GmbH, Lahnstein,
Germany). Moreover, a foam trap was installed in front of the exhaust gas filter to collect
the potentially over-foaming medium.

2.5. Lipopeptide Extraction and Quantitative Analysis

Cell-free supernatants were obtained after 10 minutes centrifugation at 4700 rpm and were
used for extraction of lipopeptides according to the method described by Yazgan et al. [48].
Specifically, a volume of 2 mL of the cell-free supernatant was mixed three times with
1 mL of 1-butanol 95% (v/v) by vortexing for 1 min, followed by 5 min centrifugation at
3000 rpm. The organic phases were pooled and used for evaporation of butanol phases
(RVC2-25 Cdplus, Martin Christ Gefriertrocknungsanlagen GmbH, Osterode am Harz,
Germany) at 10 mbar and 60 ◦C. The remaining residues were dissolved in 2 mL methanol.
To quantify the total amounts of lipopeptides, purified fengycin was purchased from
Lipofabrik (Lesquin, France) and surfactin and iturin A standards were ordered from
Sigma–Aldrich (Seelze, Germany). High-performance thin-layer chromatography (HPTLC)
was performed for quantification of lipopeptides. All HPTLC instruments and chambers
were from CAMAG (Muttenz, Switzerland) and instruments were controlled by winCATS
Software 1.4.7 as described previously [49].

2.6. Evaluation of Antifungal Activity

Antagonism of B. velezensis UTB96 and B. velezensis FZB42, respectively, against
Diaporthe longicolla DPC_HOH20 was determined using a dual-culture assay according to
a method previously described by Johnson et al. [50]. Specifically, a 0.6 cm mycelial plug
from the margins of an actively growing 5-days-old culture of D. longicolla was placed in
the corner of the plate with 150 mm distance from the edge of the Petri dish containing
potato dextrose agar (PDA) and LB agar (1:1) medium.

In a first approach, sterile filter paper (MN 617 G) with the thickness of 0.22 mm and
diameter of 0.5 cm was soaked in a cell suspension of fresh bacterial overnight culture in
LB medium with an OD600 of 2.5. The soaked filter paper was placed 150 mm from the
edge of the Petri dish.

In a second approach, instead of inoculating the plate with bacterial cells, filter ster-
ilized cell-free supernatant from B. velezensis UTB96 and B. velezensis FZB42, respectively,
was used. The supernatant was taken from a cell suspension cultivated for 48 h in mineral
salt medium with 40 g/L glucose. Finally, a volume of 200 μL of the cell-free supernatant
was transferred to an 8 mm diameter well, which was 150 mm in distance from the edge of
the Petri dish.
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In the control treatment, a mycelial plug of D. longicolla was placed in the plate without
bacterial strains. All plates were incubated in the dark at room temperature for 5 days. To
measure the percentage of inhibition radial growth (PIRG), the following formula was used:

PIRG (%) = [(R1 − R2)/R1] × 100

where R1 represents the radius of the control fungus and R2 is the radius of the fungi in
treatment with the bacteria. Each treatment was replicated three times and the experiment
was repeated thrice.

2.7. Data Analysis

The growth rate μ, specific productivity (qP/X), product per substrate (YP/S) and
product per biomass (YP/X) for each lipopeptide, as well as the yield of biomass per substrate
(YX/S), were determined using the equations shown in [13]. Variable YX/Swas quantified at
the maximum cell dry weight (CDWmax), while YP/S, YP/X and qP/X were quantified at the
maximum lipopeptide concentrations. The statistical analyses, such as One-way ANOVA,
were performed using SigmaPlot (version 13) software. In all the graphs, Error bars indicate
the standard deviation between different sample replicates.

3. Results

3.1. Bioinformatic Analyses of Lipopeptide Biosynthesis

Bacillus velezensis has been described extensively for its bioproduction of lipopeptides
and can be used in agriculture as a biofungicide [51]. Therefore, in this study, the capability
of B. velezensis UTB96 for lipopeptide production was first analyzed by bioinformatic
approaches, using the genome of the model strain B. velezensis FZB42 (accession number:
NC_009725.2) as reference. Using the AntiSMASH tool version 6 software [40,52,53], three
operons encoding nonribosomal peptide synthetases (NRPSs) were identified for both
strains. Besides the commonly known NRPS for biosynthesis of surfactin and fengycin,
another gene cluster was identified, which showed only moderate comparability to the bam
operon of the FZB42 strain encoding for the biosynthesis of bacillomycin D (Table 1).

Table 1. Comparison of the gene clusters encoding NRPS for biosynthesis of the main lipopeptides,
surfactin, iturin, and fengycin, in the genomes of Bacillus velezensis UTB96 and the reference strain
Bacillus velezensis FZB42.

Similarity with the Reference Strain Bacillus velezensis FZB42

Lipopeptide
Chromosomal Localization

(from–to)
Similarity in

Nucleotide Sequence
Similarity in Amino

Acid Sequence

Surfactin 301,941 nt–366,339 nt 97.53% 91.67%
Iturin A 1,762,934 nt–1,800,180 nt 97.02% 67.94%
Fengycin 1,823,096 nt–1,860,765 nt 96.50% 97.08%

To determine the type of iturin produced by B. velezensis UTB96, the nucleotide
sequence of the whole iturin operon was analyzed. The sequencing results revealed an
operon length of 37,246 bp including four open reading frames (ORFs) encoding for iturin
A biosynthesis in UTB96 (accession number: OK274217.1). A subsequent AntiSMASH
analysis revealed the modulation of the NRPS (Figure 1A). In this way, seven amino
acid-activating modules responsible for the biosynthesis of the peptide ring, as well as
the modules for fatty acid maturation were identified. Compared to the bacillomycin D
biosynthesis of FZB42 (Figure 1B), both iturin versions share the first three amino acids in
the circular peptide ring (L-Asn, D-Tyr, L-Asn) linked to a β-amino fatty acid, while the
next four amino acids are different.
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3.2. Comparative Structure-Based Iturin A and Bacillomycin D Analysis by Mass Spectrometry

To further characterize the congener composition of the two types of iturins, as well
as the surfactin and fengycin variants throughout the cultivation process, samples were
taken after 48 h of cultivation and analyzed by liquid chromatography electrospray mass
spectrometry (LC-ESI-MS/MS). The relative abundance of congeners was calculated using
the corresponding peak areas. Both strains, FZB42 and UTB96, produced all three major
classes of lipopeptides, namely iturin, fengycin, and surfactin. While B. velezensis FZB42
exclusively produced bacillomycin D, B. velezensis UTB96 exclusively produced iturin A
lipopeptides (Figure 2). In B. velezensis FZB42, the peaks within the range of m/z = 989.488 to
1073.582 were assigned to protonated ion species [M+H]+ of bacillomycin D based on precise
m/z values and the corresponding MS/MS spectra (data not shown). The C15 congener of
bacillomycin D was the most abundant (approx. 45%) through the cultivation, followed by
C14 (~35%). In contrast, C16 (~15%) and C17 congeners (~5%) were produced less during
the cultivation period. In comparison, B. velezensis UTB96 produced iturin A congeners of
C14, C15 and C16 at similar proportions (approx. 34, 33 and 30%, respectively) throughout
the cultivation process, while C17 (~3%) was significantly underrepresented. The mass
spectra of iturin A congeners were in the mass range of m/z = 1015.516 to 1085.594.

Figure 2. LC-ESI-MS analysis of the lipopeptide compounds produced by the B. velezensis UTB96
and B. velezensis FZB42 strains. (A) Total ion chromatogram (TIC, upper panel) and ESI-MS spec-
trum (lower panel) of the extracted iturin A lipopeptides from B. velezensis UTB96. The ESI-MS
spectrum shows m/z values of protonated iturin A lipopeptides [M+H]+ eluted in the time interval
from 0.8–8 min. Fatty acid chain length of different iturin A lipopeptides is indicated. (B) Total ion
chromatogram (TIC, upper panel) and ESI-MS spectrum (lower panel) of the extracted bacillomycin
D lipopeptides B. velezensis FZB42. The ESI-MS spectrum shows m/z values of protonated bacil-
lomycin D lipopeptides [M+H]+ eluted in the time interval from 0.8–8 min. Fatty acid chain length of
different bacillomycin D lipopeptides is indicated.
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Fengycin produced by B. velezensis UTB96 and FZB42 is a mixture of several homologs
based on the length of saturated or unsaturated fatty acid chain and variants within peptide
moiety. For both strains, fengycin peaks with saturated fatty acid chain at m/z = 1435.766 to
1519.858 and for unsaturated fatty acid chain at m/z = 1433.787 to 1489.850 were observed.
Mainly, fengycin A and B with saturated or unsaturated fatty acid chain with 14 to 18 carbon
atoms for both strains were detected, with the saturated fatty acid chain variants being
more abundant in both strains. In addition, several fengycin variants with substitutions in
the peptide moiety were detected as described by Pathak et al. [44]. Both strains produced
Fengycin A (Ala6, Ile10), Fengycin B (Val6, Ile10) as well as Fengycin A2 (Ala6, Val10) and
Fengycin B2 (Val6, Val10).

Surfactin lipopeptides comprised a range of different surfactins congeners with sat-
urated fatty acid chain between 12 to 17 carbon atoms that were detected in both strains
at m/z = 994.636 to 1064.715. In the addition, several amino acid substitutions within the
peptide sequence were observed as described by Kecskeméti et al. [42]. While the most
abundant variant in both strains had the peptide sequence E-I/L-I/L-V-D-I/L- I/L [Sur],
amino acid substitutions at positions 2, 4 and 7 (Val2, Val7, Ala4) as well as an aspartic acid
4-methyl ester at position 5 (AME5) were also detected (see extracted-ion chromatograms
in Supplementary File S2).

3.3. Lipopeptide Production of B. velezensis UTB96 and FZB42 under Varying
Substrate Availability

To get an overview of the production capability of B. velezensis UTB96, the extracellular
accumulation of surfactin, fengycin and iturin was quantitatively analyzed and compared
with the bioproduction of the model strain B. velezensis FZB42. Therefore, both strains
were cultivated in shake flasks using mineral salt medium with different initial glucose
concentrations of 8, 20 and 40 g/L. Figure 3 summarizes the surfactin, fengycin, and
iturin A or bacillomycin D production, as well as the cell dry weight (CDW) and glucose
consumption during a cultivation period of 72 h at 30 ◦C.

The comparison of growth behavior showed similar growth rates for both strains
UTB96 and FZB42. However, a faster glucose consumption was detected for the FZB42
strain, resulting in slightly accelerated biomass formation compared to UTB96. After
complete glucose depletion, a decline in CDW was detected for both B. velezensis strains.

With respect to the lipopeptide production, model strain FZB42 was able to synthe-
size stabilized titers of surfactin (~50 mg/L), fengycin (~30 mg/L) and bacillomycin D
(~11 mg/L) using 8 g/L glucose. In comparison, the strain UTB96 produced clearly higher
amounts of fengycin (~95 mg/L) and iturin A (~65 mg/L), while a maximum surfactin
titer of 166 mg/L was reached during the exponential growth phase before a decline was
detected and a final stabilized concentration of ~40 mg/L was maintained.

In cultivation with 20 g/L glucose, a higher availability of carbon source did not result
in higher concentrations of fengycin and surfactin in FZB42 (~20 mg/L surfactin, ~30 mg/L
fengycin) and UTB96 (~50 mg/L surfactin, ~90 mg/L fengycin), respectively, while for both
iturin congeners, bacillomycin D and iturin A, increases of about two folds (22 mg/L) and
three folds (190 mg/L) were observed. The highest initial glucose concentration used was
40 g/L. As a result, lipopeptide concentrations of 56.5 mg/L surfactin, 50.5 mg/L fengycin
and 49 mg/L bacillomycin D were detected after 34 h of cultivation for FZB42 before a
decline was observed for all lipopeptides. In contrast, relatively stable concentrations could
be detected for UTB96 with the highest titers of 55 mg/L surfactin, 90 mg/L fengycin, and
100 mg/L iturin A in the stationary phase. However, a decline of surfactin and fengycin
was detectable also in UTB96 at the end of cultivation. Overall, the UTB96 strain showed
superior production values for all lipopeptide types (Table 2), especially for iturin and
fengycin, which are more important for microbial antifungal activity [17].
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Figure 3. Overview of the time course of lipopeptide production by B. velezensis FZB42 and UTB96.
The shake flask cultivations were conducted as biological triplicates in mineral salt medium containing
different glucose concentration of 8 g/L (A,B), 20 g/L (C,D) and 40 g/L (E,F) at 30 ◦C, 120 rpm and
initial pH of 7.

3.4. Antifungal Activity

To characterize the antifungal properties of B. velezensis UTB96, inhibition assays
of the cell suspension and the corresponding cell-free supernatant were analyzed and
compared with the previously established strain FZB42 (Figure 4). For this purpose, a
dual-culture assay was used to determine the growth inhibitory effect on the soybean
fungal pathogen Diaporthe longicolla DPC_HOH20 as an indicator strain. In this way,
distinct zones of inhibition were formed between the D. longicolla DPC_HOH20 and the
bacterial strains, and the width of the inhibition zone remained unaffected for at least one
month. In more detail, UTB96 was shown to have comparable antifungal activity in both
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cell-free supernatant and grown cells compared to the FZB42 reference strain. Specifically,
UTB96 revealed approx. 28% (cell-mediated inhibition) and 9% (supernatant-mediated
inhibition) larger zones of inhibition (Figure 4). However, both strains showed similar
growth-inhibiting properties against D. longicolla, confirming the potential of strain UTB96
for agricultural applications.

Table 2. Overview of the lipopeptide production parameters including surfactin, iturin A or bacil-
lomycin D and fengycin by B. velezensis UTB96 and B. velezensis FZB42 and in shake flask cultivations
with initial glucose concentrations of 8 g/L, 20 g/L and 40 g/L and in a batch bioreactor using
40 g/L of glucose.

Surfactin
Iturin A in UTB96

or Bacillomycin D in FZB42
Fengycin

B.
velezensis

Initial
Glucose

[g/L]

YX/S

[g/g]

Growth
Rate

μ [1/h]

YP/S

[mg/g]
YP/X

[mg/g]
q

[mg/g.h]
YP/S

[mg/g]
YP/X

[mg/g]
q

[mg/g.h]
YP/S

[mg/g]
YP/X

[mg/g]
q

[mg/g.h]

UTB96

8 (SF)
0.2

± 0.01
0.2

± 0.0
12.9

± 1.16
27.4

± 1.59
2.3

± 0.13
5.8

± 0.25
168.3
± 8.76

1.2
± 0.06

9.6
± 0.13

281.5
± 6.35

2.0
± 0.04

20 (SF)
0.6

± 0.02
0.1

± 0.0
3.6

± 0.08
46.3

± 5.93
0.6

± 0.07
7.0

± 0.86
134.4

± 10.33
1.2

± 0.09
3.4

± 0.08
82.6

± 1.41
0.7

± 0.01

40 (SF)
0.1

± 0.01
0.1

± 0.0
1.7

± 0.1
62.4

± 4.08
1.4

± 0.09
3.5

± 0.30
81.9

± 9.51
0.6

± 0.06
2.5

± 0.13
55.4

± 1.57
0,7

± 0.01

40 (BR)
0.6

± 0.0
0.2

± 0.0
8.4

± 0.2
43.8
± 3.8

0.9
± 0.1

16.3
± 0.8

249.4
± 15.3

1.8
± 0.0

1.2
± 0.0

17.4
±0.3

0.1
± 0.0

FZB42

8 (SF)
0,2

± 0.021
0.2

± 0.00
5.0

±0.24
120.6
± 1.75

1.8
± 0.00

1.4
± 0

12.0
± 2.04

0.3
± 0.04

3.7
± 0.59

81.9
± 8.09

0.9
±0.03

20 (SF)
0.2
0.01

0.2
± 0.01

1.2
± 0.11

21.7
± 1.68

0.3
± 0.00

0.9
± 0.01

35.2
± 3.11

0.2
± 0.02

1.3
± 0.06

54.4
± 6.23

0,3
± 0.04

40 (SF)
0.1

± 0.0
0.1

± 0.0
2.1

± 0.04
39.6

± 5.01
0.5

± 0.06
0.4

± 0.00
7.5

± 0.53
0.1

± 0.0
1.9

± 0.4
32.1

± 9.63
0.5

± 0.14

SF—shake flask; BR—bioreactor.

3.5. Batch Bioreactor Cultivation

As B. velezensis UTB96 appeared superior in the bioproduction of lipopeptides and
showed slightly superior antifungal activity against the phytopathogen D. longicolla, a first
attempt of upscaling with a batch culture to produce lipopeptides was made (Figure 5). For
this purpose, a custom-built 42-L bioreactor with a filling volume of 20 kg medium was
used. After inoculation, a lag phase of about 10 h occurred before an exponential growth
phase started for the next 12 h. Afterwards, the cell culture entered the stationary phase
and reached a maximum CDW of 6.3 g/L. The initial glucose concentration of 40 g/L was
depleted after 62 h. In this way, a growth rate of 0.22 1/h and a biomass yield of 0.81 g/g
was reached. Regarding lipopeptide production, surfactin was shown to be produced
first after about 12 h and reached a maximum of 140 mg/L after 38 h. In contrast, an
accumulation of iturin A started after about 22 h of cultivation. However, compared to
surfactin and fengycin, a steady increase in the amount of iturin A was observed until
the end of cultivation, with a maximum concentration of 620 mg/L. Finally, after 24 h
of cultivation, fengycin production was detected, reaching a maximum titer of 42 mg/L,
which remained constant until the end of the cultivation. Overall, improved production of
surfactin (2.5-fold) and iturin A (3.2-fold) was observed, while the productivity of fengycin
(2.2-fold) was reduced compared to previous shake flask cultivations. An overview of the
lipopeptide production rates is provided in Table 2.

3.6. Effect of Amino Acid Availability on the Lipopeptide Production of B. velezensis UTB96

Bacillus velezensis UTB96 proved to be the comparatively more productive strain for
lipopeptides and was therefore used for further studies on possible bottlenecks in amino
acid precursor availability. To identify potential bottlenecks in the provision of amino acids
as precursor molecules in the bioproduction of lipopeptides using the B. velezensis strain
UTB96, a defined concentration of 0.5 mM of 21 different amino acids was supplemented
to the previously described shake flask cultivation process with 40 g/L glucose. Because
a stabilized lipopeptide concentration was previously ensured (Figure 3F), the effect of
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specific amino acid supplementation on the production of surfactin, fengycin and iturin A
was analyzed after 48 h of cultivation.

Figure 4. Comparison of antifungal activity; (A) cell suspension and (B) cell free supernatant taken
after 48 and 72 h of B. velezensis strains UTB96 and FZB42 were each co-incubated with the soybean
fungal pathogen D. longicolla strain DPC_HOH20 for 5 days. (C) The growth inhibitory effect of
UTB96 and FZB42 against D. longicolla are summarized in bar graphs. Growth of D. longicolla
DPC_HOH20 without the co-incubated B. velezensis strain was used as a control. Each treatment was
repeated three times, while the approach was repeated thrice.

Figure 5. Time course of the cell dry mass (CDW) of the glucose and lipopeptide concentrations
during a batch bioreactor fermentation with strain UTB96, glucose (red dots), CDW (black crosses),
and the lipopeptide concentration of surfactin (green dots), iturin A (blue inverted triangles) and
fengycin (brown squares).
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In the reference process without amino acid supplementation, strain UTB96 achieved
a CDW of 3.65 g/L and concentrations of ~55 mg/L surfactin, ~107 mg/L iturin A, and
~89 mg/L fengycin. However, when histidine (−52%), aspartic acid (−52%), glutamic acid
(−49%), glycine (−47%), arginine (−45%), methionine (−45%), lysine (−43%), glutamine
(−41%), or alanine (−36%) were added, a drastically reduced biomass formation was
observed. Nevertheless, the lipopeptide production was only slightly affected. Conversely,
although the CDW was unaffected when leucine, valine or isoleucine were added, sig-
nificantly reduced concentrations for all three lipopeptide families were detected. Thus,
the addition of leucine reduced the amount of surfactin by 17% and of fengycin by 63%,
while valine showed a negative effect on surfactin by 80% and on fengycin by 54%, and for
isoleucine a reduction in surfactin by 74%, in iturin A by 41% and in fengycin by 65% was
observed. Further amino acids that have a negative effect on surfactin were glutamic acid
(−41%), phenylalanine and tryptophane (−51%). In contrast, supplementation of lysine
showed a remarkable positive effect on the production of surfactin by 43% and iturin A by
65% and slightly increased the fengycin production by 27%. Furthermore, the addition of
alanine allowed an improvement in the production of surfactin by 31%, of iturin A by 77%,
and of fengycin by 47%. In addition, surfactin production was improved by the addition
of proline and ornithine (~30%). Interestingly, except for isoleucine, an improved iturin A
production was observed with all amino acids, suggesting that the provision of a nitrogen
source may have a positive effect on iturin A bioproduction. Specifically, phenylalanine
and tryptophan followed by tyrosine were the best-influenced amino acids on production
of iturin A.

4. Discussion

Bacillus velezensis has been reported several times for its antifungal activity and thus for
its potential for the use in agriculture [33–35]. In this context, most B. velezensis strains can
synthesize all three types of lipopeptides, namely surfactin, fengycin, and iturin. Fengycin
and iturin in particular are associated with bioactivity against fungi [17]. In this study, the
strain B. velezensis UTB96 was compared with the reference strain FZB42. Although only
marginal differences were found in the nucleotide sequences of the operons encoding the
corresponding NRPSs, the protein sequences of the iturin synthetases of UTB96 and FZB42
differ drastically (Table 1). Thus, strain UTB96 can synthesize iturin A, while FZB42 pro-
duces bacillomycin D. As these molecules differ in the peptide structure (Figure 1), different
antifungal properties could be assumed. Iturin A was reported to cause cell wall disappear-
ance, membrane degeneration and hyphal fragmentation [54]. This makes strain UTB96 a
promising candidate for future studies as a potent natural iturin-A producer. A subsequent
comparison of lipopeptide productivity showed that UTB96 is clearly more productive than
the reference strain FZB42 (Figure 3). In particular, the production of fengycin and iturin
was superior, which makes the UTB96 strain interesting for further strain engineering work,
as the natural productivity of the antifungal lipopeptides iturin and fengycin is relatively
high. Future comparative analyses of the proteome and the metabolome may reveal the
reason for the better lipopeptide production of UTB96 compared to FZB42, although both
strains are closely related in genome [33]. As B. velezensis UTB96 has superior lipopeptide
production, it was reasonable to observe enhanced antifungal activity against D. longicolla
compared to FZB42 (Figure 4). Previous studies have demonstrated that Bacillus velezensis
strains have a broad antagonism activity against several fungal phytopathogens such
as soil-borne pathogens Fusarium graminearum, F. solani, F. oxysporum, Rhizoctonia solani,
Ralstonia solanacearum, Rosellinia necatrix [55–58] and the common postharvest pathogens
like Botrytis cinerea, Penicillium digitatum and Monilinia fructicola [59–61]. More specifically,
it is reported that the lipopeptides bacillomycin D and fengycin produced by FZB42 con-
tribute significantly to antifungal activity [62,63]. Similarly, purified Iturin A is reported to
be capable of suppressing Fusarium sp. at relatively low concentrations [64].

In the subsequent upscaling approach using a custom-built bioreactor system, B. velezensis
UTB96 showed promising productivities (Figure 5). In particular, iturin A production
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did not show any plateau after the end of the cultivation process of 72 h. Consequently,
UTB96 appears to be a potent strain for iturin A production reaching 620 mg/L iturin
A at the end of batch bioreactor cultivation. To increase the iturin A production fed-
batch cultivations with the appropriate feeding strategy is an obvious solution. Similar
experiments on the time course and kinetics of iturin A production have already been
performed by Jin et al. [65]. They applied a two-step glucose feeding strategy and were
thus able to maintain glucose levels at a low concentration and a desirable ratio of spores to
total cells. As a result, they were able to achieve twice the production of iturin-A (1.12 g/L)
compared to batch fermentation.

To gain further insights into possible bottlenecks in the bioproduction of lipopeptides
in B. velezensis UTB96, different amino acids were added to the cultivation process (Figure 6).
In this study, it was shown that the addition of the branched-chain amino acids valine,
leucine, and isoleucine had a negative effect on the production of lipopeptides in the UTB96
strain. Wu et al. [30] reported that the production of iturin A by Bacillus amyloliquefaciens
BPD1 was slightly increased by the addition of proline and asparagine, while the addition
of serine significantly increased the yield of iturin A. These results contrast with a previous
study, which reported that serine had no significant effect on iturin A production while
asparagine had the best effect on the iturin A yield among other amino acids [32]. In the
current study, the effect of serine supplementation on iturin A production by UTB96 was
also not significant. This points to the possibility that each strain may need different types of
amino acids as precursors for a specific lipopeptide production. The branched-chain amino
acids valine, leucine, and isoleucine are essential amino acids [66]. Another explanation
could be the action of global transcriptional regulator CodY, which is active in the pres-
ence of branched-chain amino acids. In this context, CodY acts as a repressor for the srfA
operon expression [67], while a stimulatory effect has been described for the iturin operon
(bacillomycin D) in the B. amyloliquefaciens fmbJ [68]; however, the possible effect of CodY
on fengycin operon is unknown. Regarding the fengycin production, we have found that
alanine is the most effective amino acid. Likewise, in the study by Yaseen et al. [31], alanine
was shown to be the best nitrogen source among other amino acids to produce fengycin by
B. subtilis. Indeed, in this study, we found that lysine and alanine had a stimulatory effect
on the production of all three types of lipopeptides by UTB96. To determine the beneficial
cellular adaptation in presence of these amino acids, future studies should focus on molecu-
lar adaptation in terms of the proteome and metabolome. For a deeper understanding, the
omics profile of several bacterial strains can be compared. Notably, in this study, iturin A
concentration increased independently of the amino acid supplemented, suggesting that
higher availability of nitrogen sources stimulates iturin A bioproduction. All these findings
should be taken into account in further studies, in which lipopeptide concentrations as well
as spore number and quality should be simultaneously optimized in fed-batch bioreactor
cultivations of B. velezensis UTB96, and the applicability of spore preparations as antifungal
agents should be further elucidated in further application trials.
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Figure 6. Lipopeptide concentrations and cell dry weight (CDW) achieved in dependence of different
amino acid supplements (0.5 mM) by B. velezensis UTB96 after 48 h of cultivation. All tests were
performed by On-Way ANOVA based on Holm–Sidak method. Bars with the same superscript letter
are not significantly different (p < 0.05).
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B. velezensis UTB96 as well as for bacillomycin D, surfactin and fengycin produced by B. velezensis
FZB42. Assignments of lipopeptides were based on precise m/z values and manual inspection of the
corresponding MS/MS spectra.
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3.1 General discussion 

The lipopeptides produced by Bacillus species exhibit excellent antifungal properties that 

make  them a promising agent  for use against phytopathogens  in agriculture. However, 

there  are  several  challenges  associated with  large‐scale  production  of  lipopeptides  by 

Bacillus, including the complexity of the production mechanisms and inadequate ability of 

wild‐type  lipopeptide  producer  strains.  Indeed,  there  is  a  need  to  improve  bacterial 

production strains and develop bioprocess methods of scaling up production to increase 

efficiency and reduce costs.  

This doctoral thesis focused on the evaluation of the biosynthesis of microbial lipopeptides 

including  surfactin,  iturin  and  fengycin  (plipastatin)  produced  by  B.  subtilis  and  B. 

velezensis;  specifically,  strain  development  by  genetic  engineering  and  enhancement  of 

lipopeptide  titer by development of  the cultivation medium.  In  the  initial approach,  the 

whole genome of  the bacteria  in  terms of  lipopeptide biosynthesis were analyzed using 

beneficial bioinformatics tools such as AntiSMASH (publication 1). Next to this analysis, 

the structure and yield of different produced lipopeptides were compared (publication 2‐

4). In the genome of Bacillus species, mainly two  lipopeptide operons are present. In the 

case of domesticated  laboratory model strain B. subtilis 168, the operons of surfactin and 

plipastatin  are  present  in  the  genome.  However,  surfactin  is  the  dominant  produced 

lipopeptide and plipastatin is produced in the lower amount and therefore got less attention 

by  researchers  (Théatre  et  al.  2021).  In  this  sense,  the  current  thesis  focused  at  further 

analysis  on  production  of  plipastatin  by  B.  subtilis  168  and  B.  subtilis  3NA  as  a  spore 

deficient strain suitable for bioreactor cultivation (publication 2). Moreover, based on the 

literature, the sfp+ derivative of B. subtilis 168 is a better producer of surfactin than wild‐type 

B. subtilis strains such as B. subtilis DSM10T. One main genome characterization of B. subtilis 

168  is  that  the pleiotropic degQ gene  is due  to a mutation  in  the −10 box of promoter  is 

silenced (Stanley and Lazazzera 2005). Thereby, the effect of degQ expression on surfactin 

and plipastatin production was examined using a sfp+ derivative of B. subtilis 168, and the 

wild‐type B. subtilis DSM10T, which expresses native degQ (publication 2 and 3). The next 
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approach of this thesis focused on bioproduction of microbial lipopeptides by B. velezensis. 

Identification of productive wild‐type strains is crucial to the development of biopesticides. 

Here, the lipopeptide structure, productivity, and antifungal ability of B. velezensis UTB96 

was  compared with  B.  velezensis  FZB42,  as  a well‐established  strain  for  biocontrol  of 

phytopathogens in agriculture (publication 4). 

In this chapter, throughout the following sections, the results obtained in this doctoral thesis 

are  discussed  exclusively  to  provide  a  deeper  understanding  of  Bacillus  lipopeptide 

biosynthesis by wild‐type and genetically modified strains. 
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3.2 Whole‐genome sequencing analysis 

as a comprehensive first overview of 

microbial lipopeptide gene clusters 

Whole‐genome sequencing (WGS) of different microorganisms has become more accessible 

and  affordable  in  recent years  (Quainoo  et al. 2017). Analysis of  the  complete bacterial 

genome via WGS could replace routine conventional methods for the characterization of 

the lipopeptide production such as oil spreading and emulsification assays (Akintayo et al. 

2022). The  characterization  of  the genome  of newly discovered wild‐type  antimicrobial 

lipopeptide  producers  may  provide  new  information  on  biosynthesis  and  clusters  of 

lipopeptides and lead to the introduction of more effective strains as fungicides (Teixeira et 

al. 2021). In this thesis, B. velezensis UTB96 as a wild‐type Plant Growth Promoting Bacteria 

(PGPB) isolated from rhizosphere area of pistachio tree in Iran was selected for evaluation 

of  its  capability  of  lipopeptide  production.  Previous  studies  have  demonstrated  the 

pronounced  antifungal  activity  of  UTB96  against  various  fungal  phytopathogens 

(Afsharmanesh and Ahmadzadeh 2016). In this sense, the whole genome sequencing of B. 

velezensis UTB96 was performed and submitted in the NCBI database under the GenBank 

accession number CP036527. As a next step, genome mining with tools like ʺantibiotics and 

secondary  metabolite  analysis  shell,  antiSMASHʺ  used  to  identify  natural  secondary 

metabolites produced by B. velezensis UTB96. The AntiSMASH tool was initially released in 

2011 and since then, it has become an established part of many workflows for discovering 

natural  secondary metabolites produced by bacteria and  fungi  (Blin et al. 2021).  In  this 

thesis, to get a better comparison of the lipopeptide produced by B. velezensis UTB96, the 

genome of the model strain B. velezensis FZB42 used as the reference. Surfactin, bacillomycin 

D and fengycin are three main NRPS gene clusters in B. velezensis FZB42 (Fan et al. 2018). 

In the case of B. velezensis UTB96, additionally to the commonly known NRPS gene cluster 

for surfactin and fengycin biosynthesis, another cluster showed only moderate comparison 

with the bacillomycin D operon of the FZB42 strain. Further analysis showed that unlike 

strain  FZB42,  UTB96  harbors  the  iturin  A  operon.  Considering  the  different  peptide 



3 DISCUSSION

 

70 

     

structures of these molecules (Figure 3 in chapter 1), different antifungal properties could 

be  expected.  Therefore,  further  evaluation  has  been made  to  compare  the  lipopeptide 

productivity,  antifungal  activity  and  medium  improvement  for  the  production  of 

lipopeptides by B. velezensis FZB42 and UTB96 as will be discussed later in sections 3.3 and 

3.4. The other strains used in this thesis are the domesticated laboratory model B. subtilis 

168,  the spore deficient B. subtilis 3NA and  the wild‐type B. subtilis DSM10T. The whole 

genome of  these  strains  is already deposited  in  the NCBI database under  the accession 

number of GCF_000009045.1, CP010314.1 and JAEPVU000000000.1 respectively (Lilge et al. 

2021;  Reuß  et  al.  2015).  The  genome map  of  these  strains  has  guided  us  for  further 

comparison  of  the  regulatory  genes  such  as  degQ  for  lipopeptide  biosynthesis  that  are 

discussed in the following section. 

3.3 Evaluation of putative regulatory 
bottlenecks concerning lipopeptide 

production in B. subtilis  

Regulatory bottlenecks in lipopeptide production in B. subtilis refer to the barriers that limit 

the  biosynthesis  of  lipopeptides.  The  evaluation  of  potential  regulatory  bottlenecks 

involves  identifying  the  various  steps  in  lipopeptide  biosynthesis  and  the  regulatory 

mechanisms  controlling  these  steps,  the  environmental  factors  affect  lipopeptide 

production, and exploring the significance of post‐transcriptional regulation of lipopeptide 

biosynthesis  (Das et al. 2008). By assessing  these regulatory bottlenecks, researchers can 

develop strategies to improve production and optimize its use in various application fields. 

In  this  thesis, a  sfp+ derivative of B.  subtilis 3NA, named B.  subtilis BMV9 was used  for 

genetic engineering of plipastatin production in order to gain more insights on constitutive 

plipastatin mono‐producer strains (publication 2). B. subtilis 3NA is a hybrid of the model 

strain B. subtilis 168 and strain W23 (Reuß et al. 2015). Strain 3NA is not able to produce 

spore due  to  a  frameshift mutation within  spo0A which makes  it  suitable  for  high  cell 
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density  fermentations.  Despite  the  deletion  of  spo0A,  B.  subtilis  3NA  shows  natural 

competence development due to an elongation in the abrB.  

Subsequently, the effect of pleiotropic degQ gene expression on production of plipastatin 

and surfactin was analyzed (publication 2 and 3). The following subsections discuss these 

results, that are presented in publication number 2 and 3. 

3.3.1 Novel insights into the mono‐production of 

plipastatin by B. subtilis 

Biosynthesis  of  a  certain metabolite  in B.  subtilis may  compete with  other  biosynthetic 

pathways,  leading  to  lower yields or undesired side products  (Iqbal et al. 2023). Several 

genetic engineering approaches have been used to employ bacteria for mono‐production of 

a single metabolite, such as deletion of genes involved in competing biosynthetic pathways 

and redirect metabolic flux towards the desired pathway (Tolibia et al. 2023). In this thesis, 

B.  subtilis  BMV9 was  engineered  to  construct  a  strain  that would  exclusively  produce 

plipastatin. To achieve this, the srfAA‐AD operon was deleted from the genome of B. subtilis 

BMV9, while still maintaining the competence formation of the strain. However, deletion 

of srfAA‐AD operon, did not have a positive effect on biosynthesis of plipastatin. Indeed, 

the  decrease  in  plipastatin  production,  supports  the  hypothesis  that  srfAA‐AD  operon 

expression may stimulate plipastatin biosynthesis. Partially deletion of srfAA‐AD operon 

has already done by other researchers. For instance, a ∆srfAA mutation in a sfp+ derivative 

of  B.  subtilis  168  reduced  plipastatin  production,  while  disruption  of  srfAC  had  no 

significant effect (Yaseen et al. 2018). Similarly, a recent study determined that deletion of 

srfAB and srfAC had no adverse effect on plipastatin production (Zou et al. 2020).  

Another  strategy  for  construction  of  a  high  lipopeptide  mono‐producer  strain  is  to 

overexpress the genes encoding the enzymes involved in the biosynthesis pathway of the 

desired metabolite. This can be done by using strong constitutive promoters to drive the 

expression of these genes, or by introducing multiple copies of the genes into the bacterial 

genome. One reason for the comparably very  low plipastatin formation  in B. subtilis can 
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likely be attributed to the genetic regulation of plipastatin biosynthesis. The Ppps promoter 

is  considered  ʺweakʺ  because  it  has  relatively  low  transcriptional  activity  compared  to 

stronger  promoters  (Yaseen  et  al.  2016). However,  its  activity  is  sufficient  to drive  the 

expression of the genes involved in plipastatin biosynthesis in its native Bacillus host. Weak 

native promoters in B. subtilis can be a challenge for gene expression studies (Liu et al. 2018). 

As this is still unknown, more fundamental studies need to be done in order to examine the 

regulation of native Ppps promoter mechanism. Nevertheless, the focus of this thesis was not 

on the expression of the ppsA‐E operon by the native promoter. Therefore, an approximately 

five‐fold enhancement of plipastatin production was achieved after the promoter exchange 

of native plipastatin promoter against the constitutive promoter region of the veg gene. In 

the  next  step,  deleting  the  entire  srfAA‐AD  operon  and  retaining  comS  in  the  genome 

through the PsrfA promoter was also performed in constitutive plipastatin production strain. 

Interestingly, unlike what it was expected, disruption of srfAA‐AD operon had a negative 

effect  not  only  when  plipastatin  is  expressed  by  native  Ppps  promoter  but  also  under 

expression of Pveg. In 2007, in a similar study after disruption of the surfactin synthetase by 

eliminating  the  srfAB,  srfAC,  and  srfAD  genes  in  a  constructed  constitutive  plipastatin 

producer  strain,  the production of plipastatin did not  affected  (Ongena  et  al.  2007). To 

conclude, it can be assumed that the surfactin synthetase, or one of its subunits most likely 

srfAA,  positively  stimulates  plipastatin  production.  Therefore,  overexpression  of  the 

subunit may result in a plipastatin mono‐producer without decreasing, if not increasing, 

plipastatin  titer. However,  the  regulatory mechanism  behind  this  effect  remains  to  be 

elucidated.  

3.3.2 Significant effect of DegU regulon on lipopeptide 

biosynthesis 

The DegU regulon is a global regulatory system in B. subtilis that is involved in controlling 

various physiological processes, including sporulation, motility, and competence (Murray 

et al. 2009). It consists of the DegU response regulator and the DegS histidine kinase, which 

function  together  to sense environmental signals and activate downstream genes  (Miras 
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and Dubnau  2016).  It  has  been demonstrated  that  the  expression  of  genes  involved  in 

production of secretory proteases and lipopeptide biosynthesis, including the the bamA‐D 

operon  for  bacillomycin  D  biosynthesis,  is  under  the  control  of  the  DegU  regulon 

(Koumoutsi et al. 2007; Tsuge et al. 1999). Specifically, when the DegU is phosphorylated 

by the histidine kinase DegS, can directly bind to the promoter regions of bamA‐D operons 

and  activate  the  transcription  (Koumoutsi  et  al.  2007; Miras  and  Dubnau  2016).  The 

pleiotropic DegQ protein, has been shown to enhance the phosphorylation of DegU by the 

DegS histidine kinase, leading to increased activation of DegU (Kobayashi 2007). The degQ 

gene  in  the  laboratory  strain 168  is  silenced due  to a mutation  in  its promoter area, as 

mentioned  earlier  (Stanley  and  Lazazzera  2005).  In  this  thesis,  the  effect  of  degQ  gene 

expression  on  surfactin  and  plipastatin  biosynthesis  and  secretion  of  proteases  in  two 

strains of B. subtilis: JABs24, a lipopeptide‐producing strain derived from B. subtilis 168 that 

carries the sfp+ gene, and B. subtilis DSM10T, a wild‐type strain with native expression of 

degQ, were  compared  to  each  other.  The  lacZ  fusion  construct with  native  and  point 

mutated degQ promoter was chromosomally integrated into B. subtilis DSM10T and JABs24 

and different lacZ reporter strains were constructed and compared. Thereby, we confirmed 

this reduction in degQ expression in JABs24 is due to inactivity of mutated degQ promoter, 

while  native  degQ  promoter  expression  was  significantly  higher.  These  findings 

demonstrate  that  surfactin production  is negatively  affected  by DegQ‐associated DegU 

regulation, while  increased plipastatin biosynthesis  is achieved  in  the presence of native 

degQ expression. This opposing regulatory mechanism has been transferable to both JABs24 

and DSM10T highlighting its broad applicability. Thus, integration of a natively expressed 

degQ version in JABs24 resulted in the production of only approximately 75% of surfactin 

but 8‐fold increased plipastatin titers, while elimination of degQ in DSM10T showed a 3‐fold 

increase  in  surfactin  concentration  and  a  5‐fold  reduction  in  plipastatin  formation.  In 

addition to the production of lipopeptides, another important aspect of DegU‐associated 

regulation is the formation of secretory proteases. The comparison of extracellular protease 

activities between JABs24 and DSM10T revealed the effect of degQ gene expression, with 

DSM10T showing 5‐fold higher protease activity compared to JABs24. Interestingly, both 

surfactin and plipastatin showed no decrease  in  their concentrations during cultivation, 
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suggesting  that  lipopeptides  are  less  targeted by native  extracellular proteases. Further 

experiments involving the integration of a natively expressed degQ version in JABs24 and 

the deletion of degQ in DSM10T resulted in an enhancement and reduction in extracellular 

protease production, respectively.  

In conclusion, this section of the thesis has demonstrated for the first time a quantitative 

effect  of  degQ  expression  on  the  production  of  extracellular  proteases  and  lipopeptide 

biosynthesis in B. subtilis. Moreover, the results underscore the contrasting mechanisms by 

which DegQ regulates surfactin and plipastatin biosynthesis. Understanding  the current 

results  may  have  applications  in  improvement  of  the  biosynthesis  of  other  bioactive 

secondary  metabolites  in  other  bacterial  species  and  the  development  of  novel 

biotechnological  applications.  Additionally,  this  research  may  have  implications  for 

understanding the broader role of DegQ in bacterial gene regulation and protein quality 

control. 

3.4 Bacillus velezensis UTB96 as a 
promising strain for agriculture 

Bacillus velezensis has shown great application potential in agriculture due to its ability to 

produce a range of bioactive compounds that can enhance plant growth and health while 

providing protection against plant diseases (Rabbee et al. 2019). One of the key benefits of 

Bacillus velezensis is its ability to produce antimicrobial lipopeptide that can protect plants 

against  a  range  of  phytopathogens.  These  compounds  include  iturin,  surfactin,  and 

fengycin lipopeptides, which have been shown to be effective against a range of fungal and 

bacterial pathogens that can cause significant damage to crop. In particular, fengycin and 

iturin  lipopeptides have strong antifungal properties  (Teixeira et al. 2021). Additionally, 

Bacillus velezensis produces enzymes that can break down plant debris in the soil, releasing 

valuable nutrients that can be taken up by plants. In addition to its ability to protect plants 

against disease, Bacillus velezensis is also known for its plant growth‐promoting properties. 

The bacterium produces a range of plant hormones, which can stimulate root growth and 
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increase plant biomass. This leads to healthier, more robust plants that are better able to 

withstand environmental stresses (Ngalimat et al. 2021). This section aimed to evaluate a 

comparative study between wild‐type Bacillus velezensis UTB96 and the model strain FZB42, 

with  a  focus  on  their  antifungal  lipopeptide  biosynthesis  capacity.  As  previously 

mentioned in section 3.1, although both strains have the operon for fengycin and surfactin, 

they produce different types of iturin. Specifically, B. velezensis UTB96 produces iturin A, 

while  FZB42  produces  bacillomycin  D.  Comparison  of  antimicrobial  lipopeptide 

production showed that UTB96 is a better producer of iturin A and fengycin. The UTB96 

strain  also  exhibited  enhanced  antifungal  activity  against  the  soybean  fungal pathogen 

Diaporthe longicolla compared to FZB42. In addition, in the upscaling approach, B. velezensis 
UTB96 demonstrated promising  lipopeptide production using a  custom‐built bioreactor 

system.  Notably,  the  biosynthesis  of  iturin  A  continued  until  the  end  of  cultivation, 

resulting  in an  increase  from around 135 mg/L  in  shake  flask  to 620 mg/L under  stable 

bioreactor conditions. 

Overall, optimization of lipopeptide production by different Bacillus velezensis strains and 

comparison of their lipopeptide titer and antimicrobial activity are important steps towards 

the development of  efficient  and  sustainable processes  for  lipopeptide production with 

potential applications. Nevertheless, in addition to the lipopeptide titer and antimicrobial 

activity,  other  factors  such  as  cost,  safety,  and  regulatory  requirements  should  be 

considered  when  selecting  the  most  suitable  Bacillus  velezensis  strain  for  agriculture 

application and industrial production. To conclude, the finding of this section adds to the 

growing body of  research on  the potential use of Bacillus velezensis as a plant probiotic, 

particularly  in  the  control  of  fungal  pathogens.  Furthermore,  the  study  highlights  the 

importance of strain selection  in agricultural applications, as even closely related strains 

can differ significantly in their ability to produce specific antimicrobial compounds. 
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3.5 Medium optimization: a true 

challenge for enhancement of 

lipopeptide biosynthesis 

The production of lipopeptides is influenced by several factors, including the composition 

of the cultivation medium (Xu et al. 2020). In recent years, there has been increasing interest 

in the optimization of  lipopeptide production by supplementing the cultivation medium 

with amino acids. Amino acids play a crucial role  in the biosynthesis of  lipopeptides, as 

they serve as precursors for the synthesis of the peptide and lipid moieties (Wu et al. 2018). 

For instance, the addition of L‐glutamine in the cultivation medium of Bacillus subtilis fmbJ 

stimulates biosynthesis of bacillomycin D (Qian et al. 2017). Nevertheless, as it is discussed 

in  publication  2  and  4,  amino  acid  supplementation  does  not  necessarily  increase  the 

lipopeptide biosynthesis. In this thesis, to improve plipastatin production, B. subtilis BMV9 

and  the  constructed  B.  subtilis  BMV12,  a  plipastatin  mono‐producer  strain,  were 

supplemented with the amino acids present in the structure of plipastatin. Ornithine was 

the only amino acid that induced detectable levels of plipastatin in the plipastatin mono‐

producer  BMV12  strain.  Interestingly,  the  addition  of  other  amino  acids,  except  for 

ornithine, resulted in a reduction of plipastatin titer in BMV9. The observed phenomenon 

can be attributed  to  the activation or deactivation of  the stringent response  in B. subtilis, 

which occurs in response to amino acid limitation. When the stringent response is activated, 

the  provision  of  branched‐chain  amino  acids  is  increased. Conversely,  the  addition  of 

amino acids to the growth medium reduces the beneficial effects of the stringent response. 

However, the addition of ornithine to the medium did not have a negative effect, and in 

fact, it was the only amino acid that increased the production of plipastatin to detectable 

levels in the BMV12 strain.   
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In case of B. velezensis UTB96, with the aim of improvement of all three lipopeptide families, 

the  cultivation medium was  supplemented with  different  amino  acids. However,  the 

addition of branched‐chain amino acids, such as valine, leucine, and isoleucine, was found 

to have a negative impact on lipopeptide production. This may be due to the activation of 

the global transcriptional regulator CodY in the presence of these amino acids, which acts 

as a repressor for the expression of the srfAA‐AD operon. While a stimulatory effect on the 

bam operon has been observed in the B. amyloliquefaciens fmbJ, the effects of CodY on the 

fengycin operon in UTB96 remain unknown. On the other hand, lysine and alanine were 

found to stimulate the biosynthesis of all three lipopeptides in UTB96. Interestingly, iturin 

A concentration  increased  regardless of  the supplemented amino acid,  indicating  that a 

higher availability of nitrogen sources can boost iturin A production. 

In summary, although amino acid supplementation is a promising strategy for optimizing 

lipopeptide  production  in  Bacillus  strains,  the  underlying mechanism  is  not  yet  fully 

elucidated. It is thought that amino acid supplementation may increase the availability of 

precursors  for  lipopeptide  biosynthesis,  thereby  promoting  biosynthesis. Additionally, 

amino  acids may  impact  the  expression  of  genes  involved  in  lipopeptide  biosynthesis, 

although further research is needed to investigate this possibility. It is worth noting that the 

optimal concentration of amino acids can vary depending on  the strain and  the specific 

lipopeptide  of  interest. A  systematic  approach  such  as  response  surface methodology 

(RSM), a statistical optimization technique that involves designing experiments based on a 

mathematical model, may be employed  to  identify  the optimal conditions for maximum 

lipopeptide production. Furthermore, to gain insight into the beneficial cellular adaptations 

in  response  to  amino  acid  supplementation,  future  studies  could  focus  on  examining 

changes in the proteome and metabolome during cultivations.
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3.6 Concluding remarks 

The research presented in this thesis provides promising insights into the improvement of 

lipopeptide production strains and bioprocess methods, including genetic engineering and 

development of cultivation medium. Indeed, the biosynthesis of metabolites in B. subtilis 

can be complex and compete with other biosynthetic pathways, leading to lower yields or 

undesired side products. Genetic engineering approaches may be used to construct mono‐

producer  strains  of  desired  metabolites.  One  strategy  is  to  delete  genes  involved  in 

competing biosynthetic pathways and redirect metabolic flux towards the desired pathway. 

However, deletion of  the genes or operons belonging  to biosynthesis side products may 

actually  have  a  negative  effect  on  production  of  target metabolite.  This  is  what  was 

observed in this thesis. Deletion of the surfactin operon had a negative effect on plipastatin 

production,  suggesting  that  the  surfactin  synthetase,  or  one  of  its  subunits,  positively 

stimulates plipastatin biosynthesis. However, further fundamental studies are needed  to 

elucidate  the  regulatory  mechanisms  behind  these  effects.  Additionally,  weak  native 

promoters  in B.  subtilis  can be a  challenge  for gene expression  studies, but  this may be 

overcome by  replacing  them with  stronger promoters, as  the  constitutive Pveg promoter 

increased plipastatin production fivefold in this research. Overall, a high lipopeptide mono‐

producer strain can be constructed by modifying  the biosynthesis pathway.  In addition, 

genetic engineering can also be used to manipulate the regulatory networks that control 

metabolite  production.  For  example,  transcription  factors  that  positively  or  negatively 

regulate the expression of genes involved in metabolite biosynthesis can be overexpressed 

or deleted,  respectively,  to  increase  the production  of  the desired metabolite. Once  the 

strain  has  been  created,  it  can  be  further  optimized  through  fermentation  process 

development  to maximize metabolite production  and  yield.  In  this  thesis,  the  effect  of 

amino acid supplementation in the cultivation medium was analyzed. Another highlight of 

this study  is  the  important role of  the DegU regulon  in regulating various physiological 

processes  in Bacillus subtilis,  including sporulation, motility, and competence. The study 

specifically focuses on the effect of degQ gene expression on the biosynthesis of extracellular 
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proteases and  lipopeptides  in  two strains of B. subtilis. The  findings suggest  that DegQ‐

associated  DegU  regulation  negatively  affects  surfactin  production  but  enhances 

plipastatin  biosynthesis.  These  opposing  regulatory  mechanisms  may  have  broad 

applicability in improving biosynthesis of other bioactive secondary metabolites in other 

bacterial species and developing novel biotechnological applications. Further research  is 

needed  to  fully  understand  the  broader  role  of DegQ  in  bacterial  gene  regulation  and 

protein quality control. Additionally,  the  thesis highlights  the  importance of  identifying 

productive wild‐type  strains and  the  comparison of  lipopeptide  structure, productivity, 

and antifungal ability. As was mentioned earlier, the use of GMOs in agriculture in the EU 

is highly restricted. In this thesis, specifically, the potential of wild‐type B. velezensis UTB96 

as a potent strain for iturin A production was introduced. Nevertheless, further research is 

needed  to  explore  its  full  antifungal  potential  against  a  wide  spectrum  of  different 

pathogens  and  additional  analysis  of  the  proteome  and  metabolome  may  reveal  the 

underlying reasons for the better lipopeptide production of B. velezensis UTB96 compared 

to the model B. velezensis FZB42.  

The knowledge gained from this thesis could be important for research on other lipopeptide 

produced by Gram‐positive, but possibly  also  in  other bacteria. The  findings may  also 

facilitate  further  research  on  regulation  and  putative  bottlenecks  of  lipopeptide 

biosynthesis and may help to improve the establishment of methods for development of 

industrial relevant lipopeptide producer strains. More specifically, in agricultural science 

production of microbial lipopeptide will enable applied research in the fields of biological 

control of phytopathogens.  
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Abbreviations and symbols 

ATP   adenosine triphosphate 

AntiSMASH  Antibiotics and secondary metabolite analysis shell 

B. subtilis  Bacillus subtilis 

B. velezensis  Bacillus velezensis 

CDW  Cell dry weight 

DNA   Deoxyribonucleic acid 

DSMZ  Deutsche Sammlung von Mikroorganismen und Zellkulturen 

(German Collection of Microorganisms) 

E. coli  Escherichia coli 

EU  European Union 

GMO 

ORF 

Genetically modified organism 

Open reading frame 

LP  Lipopeptide 

UTB  University of Tehran Bacteria 

HPLC   High‐performance liquid chromatography 

HPTLC  High‐performance thin‐layer chromatography 

MS   Mass spectrometry 

NCBI 

n.d.  

National Center for Biotechnology Information 

not determined 

NRPS  Non‐ribosomal peptide synthetases 

OD   Optical density 

PCR 

pO2  

Polymerase chain reaction 

Dissolved oxygen (%) 

PGPB  Plant growth promoting bacteria 

PKS 

QS 

RSM 

Polyketide peptide synthetases 

Quorum sensing system 

Response surface methodology 
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Sfp  4‐phosphopantetheinyl transferase 

WGS  Whole‐genome sequencing 

μ  specific growth rate 

g   gravitational acceleration 

v/v 

q 

YP/S 

YP/X 

YX/S 

 

volume per volume (concentration) 

Specific productivity 

Yield coefficient product to substrate 

Yield coefficient product to biomass 

biomass to substrate yield 
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