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Figure 1. Rhamnolipid biosynthesis pathways and genetic engineering targets. Sugar, glycerol, and vegetable oil
are most frequently used as carbon resources in research and commercial production. Precursor dTDP-L-Rhamnose
derives from D-glucose. 3-hydroxy fatty acid can be synthesized via de novo fatty acid synthesis (in -ACP form) or
fatty acid B-oxidation (in -CoA form). RhlIA condenses two 3-hydroxy fatty acids to form HAA. RhIB and RhIC
sequentially incorporate two rhamnose groups to the lipid part. To increase the yield, some steps can be
enhanced™*24559-52 (thick arrow), while some competitive pathways can be deleted (double lines), including
alginate!®, extracellular polysaccharide!****) (EPS), and PHAM®%*H hiosynthesis pathways.
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Figure 2. Overview of the engineering strategies used to optimize rhamnolipid production. These strategies
include heterogeneous production (mainly P. putidal*®?3505L70-"1 g ¢ofil*533-34)) " hathway engineering, gene
expression engineering®®**°®! chassis engineering!***"®% and protein engineering™™°!. Besides increasing the
yield, tailor-made rhamnolipid production®®"" also draw more and more attentions.
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x1 EEIEMEYVSHRFEERRIESR
Table 1. Overview of engineered strains for rhamnolipid production
Chassis Engineering strategies Medium and carbon Maximum yield Increased/ References
source %
P. aeruginosa  Blocking exopolysaccharide and PHA synthesis 60 g/L glycerol 21.496 g/L 69.7 [13]
SG pathways
P. putida Chromosomally integrated rhl genes expressed Delft medium with ~1.1g/L 130 [16]
KT2440 by constitutive promoter Py4,; Deleting flagella 10 g/L glucose
machinery
P. putida Chromosomally integrated rhl genes expressed Delft medium with ~1lg/L 115 [16]
KT2440 by constitutive promoter P44, Blocking PHA 10 g/L glucose
synthesis
P. putida Chromosomally integrated rhl genes expressed LB medium with ~1 g/L (high - [16]
KT2440 by salicylate inducible promoter (NagR/Pnagas) 10 g/L glucose genetic stability)
P. aeruginosa  Blocking PHA synthesis and over-expressing ~ PPGAS medium ~1500 pumol/L 59 [41]
PA14 the rhlAB-R operon
P. aeruginosa  Overexpressing EStA PPGAS medium 1.7g/L 325 [42]
PAO1 (0.5% glucose)
P. aeruginosa  Overexpressing EstA 42 g/L glycerol 22 g/L 290 [43]
PAO1
P. aeruginosa  Overexpressing LipC M9-minimal broth 0.8 g/L 100 [44]
PAO1 medium (4 g/L glucose)
E. coli BL21 Co-expressing rhlABC and rfbD LB medium with 0.4% 0.64 g/L 43 [33]
(DE3) Glucose
P. aeruginosa  Blocking exopolysaccharide, alginate, PHA MS medium 43.7 g/L 108 [45]
PAO1 synthesis and overexpressing rmIBDAC, rhlYZ, (75 g/L palm oil)
algC, fadD4, lipCl/estA
E. coli BL21 Directed evolution of RhIB (L168E) Mineral salt or LB Surface tension: - [15]
(DE3) medium with 0.4% from 0.26 to
glucose 0.021 mN/m
P. aeruginosa  Semi-rational evolution of RhlA (R202K) MSM-glycerol broth 800 mg/L:ODgy 101 [14]
PA14 (15 g/L glycerol)
P. putida Using synthetic promoter library to drive the FAB medium with Yield linearly - [50]
KT2440 expression of rhlA-rhIB-gfp operon (biofilm as 1 mmol/L sodium citrate  correlated with
the production platform) enzyme level
P. putida Synthetic promoter library LB medium with 10 g/L 2.8 g/L - [51]
KT2440 glucose
P. aeruginosa  Plasmid-encoded rhlAB fused with the strong  Glycerol-nitrate medium  20.98 g/L 183 [52]
SG oprL promoter (45 g/L glycerol)
B. thailandensis Deleting three QS systems Nutrient broth with 4.46 g/L 374 [53]
E264 (TAbtal1Abtal2Abtal3) 4 g/L glycerol
B. thailandensis Releasing QS’s repression on rhl genes by Nutrient broth (NB) medium 3 g/L 200 [54]
E264 deleting scmR with 2 or 4% glycerol
P. aeruginosa  Mutating the 5’'UTR of rhll to release repression M8-based agar plate with Diameter ratio - [56]
PAK by SRNA P27 0.2% glucose from 1.72 t0 1.95
(CTAB agar test)
P. aeruginosa  Expressing the Vitreoscilla hemoglobin gene MM media with 1% 8.373 g/L 100 [60]
(NRRL B-771) (vgb) glucose
P. putida Performing adaptive laboratory evolution in order Modified M9 medium 0.94 g/L 47 [17]
KT2440 to use ethanol as carbon source and defoamer with 0.96% ethanol
—: none.

actamicro@im.ac.cn
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Recent advances in the production of rhamnolipid biosurfactant
by genetically engineered microorganisms
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Abstract: Rhamnolipid is an important family of biosurfactant synthesized by many natural or engineered bacteria.
Due to its excellent chemo-physical properties and environmental friendliness, it has been extensively used in many
application scenarios (e.g., microbial enhanced oil recovery (MEOR), bioremediation), in place of its chemically
synthesized counterparts. In commercial production, rhamnolipid is mainly produced by Pseudomonas aeruginosa,
a natural producer with pathogenicity. Its genetic context also limits further enhancement of production using
fermentation optimization approach. As a solution, genetic engineering approach can improve the bio-safety, yield,
and product performance of rhamnolipid production, which has attracted increasing attention. However, few review
articles systematically discussed this topic. Herein, we summarized recent advances in rhamnolipid production
using genetically engineered microorganisms, particularly focusing on engineering strategies applied (e.g.,
heterogeneous production, pathway engineering, gene expression engineering, protein engineering, chassis
engineering). Other than high vyields, tailor-made rhamnolipid production (producing rhamnolipid mixture of
specific composition) was also discussed. Finally, we proposed several potential strategies which may benefit
rhamnolipid production: (1) using CRISPR-based tools for genome engineering; (2) gene expression optimization
using synthetic promoter library and T7 polymerases; (3) synthetic protein scaffold for enzyme colocalization;
(4) learning from polyhydroxyalkanoates (PHA) bioengineering; (5) development of in vivo directed evolution
platform and rhamnolipid biosensor; (6) analysis of genome resequencing data.
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