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Summary

The lambda phage Red proteins Reda/Redb/Redc and
Rac prophage RecE/RecT proteins are powerful tools
for precise and efficient genetic manipulation but
have been limited to only a few prokaryotes. Here, we
report the development and application of a new
recombineering system for Burkholderia glumae
and Burkholderia plantarii based on three Rac
bacteriophage RecET-like operons, RecETheBDU8,
RecEThTJI49 and RecETh1h2eYI23, which were
obtained from three different Burkholderia species.
Recombineering experiments indicated that
RecEThTJI49 and RecETh1h2eYI23 showed higher
recombination efficiency compared to RecETheBDU8

in Burkholderia glumae PG1. Furthermore, all of
the proteins currently categorized as hypothetical
proteins in RecETh1h2eYI23, RecEThTJI49 and
RecETheBDU8 may have a positive effect on recombi-
nation in B. glumae PG1 except for the h2 protein in
RecETh1h2eYI23. Additionally, RecETYI23 combined
with exonuclease inhibitors Pluc or Redc exhibited
equivalent recombination efficiency compared to Red-
cba in Escherichia coli, providing potential opportu-
nity of recombineering in other Gram-negative
bacteria for its loose host specificity. Using
recombinase-assisted in situ insertion of promoters,
we successfully activated three cryptic non-ribosomal
peptide synthetase biosynthetic gene clusters in
Burkholderia strains, resulting in the generation of a
series of lipopeptides that were further purified and
characterized. Compound 7 exhibited significant
potential anti-inflammatory activity by inhibiting
lipopolysaccharide-stimulated nitric oxide production
in RAW 264.7 macrophages. This recombineering sys-
tem may greatly enhance functional genome research
and the mining of novel natural products in the other
species of the genus Burkholderia after optimization
of a protocol.

Introduction

Phage-encoded homologous recombination systems,
either Reda/Redb/Redc from the lambda phage Red
operon or RecE/RecT from Rac prophage, have been
employed for the genetic manipulation of Escherichia coli
(Zhang et al., 1998; Fu et al., 2012; Wang et al., 2014;
Abbasi et al., 2020) and some closely related bacteria,
such as Salmonella enterica (Bunny et al., 2002), Shi-
gella flexneri (Beloin et al., 2003), Klebsiella pneumoniae
(Wei et al., 2012), Agrobacterium tumefaciens (Hu et al.,
2014) and Escherichia albertii (Egan et al., 2016). How-
ever, in more distant species, their application has been
limited due to apparent host specificities. Nevertheless,
this recombinant DNA technology, termed recombino-
genic engineering or recombineering, can be a powerful
genetic tool for deletion, insertion, replacement, point
mutation, multi-fragment assembly and direct cloning of
large DNA fragments (Fu et al., 2012; Wang et al., 2014,
2016, 2018a). Compared with homologous
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recombination-based genetic engineering of recA-
dependent genetic engineering of E. coli, recombineering
has a significant advantage in that it utilizes shorter
homology arms (~ 50 bp), which can be included in syn-
thetic oligonucleotides (Zhang et al., 1998).
Reda and RecE are 50–30 exonucleases that generate

30-ended, single-stranded DNA (ssDNA) overhangs, and
Redb and RecT are ssDNA annealing proteins (SSAP)
that bind to the ssDNA forming a recombinogenic pro-
teonucleic filament, which is used in recombination (Carter
and Radding, 1971; Kolodner et al., 1994; Karakousis
et al., 1998). Reda/Redb are reported to favour homolo-
gous recombination between a linear and a circular DNA
molecule in E. coli, whereas RecE/RecT are more efficient
at linear–linear homologous recombination (Fu et al.,
2012). Redc, identified only in lambda phage and not in
Rac prophage, forms a dimer to mimic DNA to significantly
enhance the recombination efficiency of Reda/Redb by
inhibiting the exonuclease and helicase activities of the
RecBCD complex, which rapidly degrades linear double-
stranded DNA (dsDNA; Taylor and Smith, 1980). Although
the RecET operon does not contain a Redc equivalent,
the inclusion of Redc with RecE/RecT has been shown to
promote recombination efficiency (Fu et al., 2012). The
Redc-like protein Pluc from Photorhabdus luminescens
can also inhibit the RecBCD complex in both Photorhab-
dus and E. coli (Yin et al., 2015).
Microorganisms serve as an excellent source of struc-

turally diverse natural products, many of which possess
important biological activities, such as antibacterial, anti-
fungal, antiviral and anticancer properties (Newman and
Cragg, 2012). Burkholderia, a Gram-negative genus
belonging to the b-proteobacteria, encompasses more
than 100 species that colonize a wide range of environ-
ments and that have highly diverse symbiotic associa-
tions (Coenye and Vandamme, 2003; Compant et al.,
2008; Estrada-de los Santos et al., 2018; Kunakom and
Eust�aquio, 2019). Burkholderia species are well-known
as pathogens of humans, animals, and plants, as well
as for bioremediation, biocontrol, plant growth promotion,
and biopesticidal properties (Depoorter et al., 2016).
Burkholderia sensu lato (s.l.) is a large and complex
group, and has been divided into six genera Burkholde-
ria sensu stricto (s.s.), Paraburkholderia, Caballeronia,
Robbsia, Mycetohabitans and Trinickia (Estrada-de los
Santos et al., 2018; Table S1). In this study, Burkholde-
ria sensu stricto (s.s.) is represented by Burkholderia.
Burkholderia strains synthesize numerous bioactive

compounds (Kunakom and Eust�aquio, 2019), such as
the anticancer drug FK228 (Liu et al., 2012); the struc-
tural analogs burkholdacs, thailandepsins and spirucho-
statins (Crabb et al., 2008; Biggins et al., 2011); the
antibacterial compounds thailandamides (Nguyen et al.,
2008) and capistruin (Knappe et al., 2009); and the

antifungal agents pyrrolnitrin (Hammer et al., 1999),
cepapafungins and cepacidines (Lim et al., 1994). Fur-
thermore, genome analyses of Burkholderia species and
development of a variety of bioinformatic tools such as
antibiotics & Secondary Metabolite Analysis SHell (anti-
SMASH) have demonstrated that Burkholderia is an
untapped reservoir of bioactive natural products, espe-
cially polyketides (PKs), non-ribosomal peptides (NRPs)
and hybrid NRP/PKs (Esmaeel et al., 2016; Ren et al.,
2017; Esmaeel et al., 2018). Several groups have
reported the application of the lambda Red recombina-
tion system in Burkholderia strains (Jia et al., 2010;
Kang et al., 2011; Moebius et al., 2012). However, the
long homology arms (> 500 nt) required, and the low
recombination efficiency limit its extended application in
Burkholderia strains. Thus, highly efficient and simple
genetic tools that would enable the activation of cryptic
biosynthetic gene clusters (BGCs) in Burkholderia spe-
cies are needed to accelerate the discovery of novel
bioactive natural products.
Recent study from our group described the recombi-

nase Redba7029 from strain DSM7029 for use in recom-
bination in Burkholderia strains (Wang et al., 2018b).
However, DSM7029 has been subsequently reclassified
as Schlegelella brevitalea DSM7029, a new species of the
genus Schlegelella, which belongs to the family Coma-
monadaceae, instead of the genus Burkholderia, which
belongs to the family Burkholderiaceae (Tang et al.,
2019). The recombination efficiency of a RecET-like
recombinase (RecEThBDU8) in Burkholderia sp. BDU8 has
also been reported as very low, with colony numbers per
millilitre (cnpm) of less than 10 in Paraburkholderia rhizox-
inica HKI 454 (Wang et al., 2018b), which has been sub-
sequently reclassified into the genus Mycetohabitans
(Estrada-de los Santos et al., 2018).
In this work, three new recombination systems, com-

prising Rac bacteriophage RecET-like operons, were dis-
covered in the genera Burkholderia and Caballeronia:
RecETheBDU8 from Burkholderia sp. BDU8 which is clus-
tered within the Burkholderia pseudomallei group,
RecEThTJI49 from Burkholderia sp. TJI49 which is clus-
tered within the unclassified Burkholderia group, and
RecETh1h2eYI23 from Burkholderia cordobensis YI23
which is clustered within the genus Caballeronia (Draghi
et al., 2014). RecEThTJI49 and RecETh1h2eYI23 showed
higher recombineering efficiency than RecETheBDU8 did
in B. glumae PG1. Hence, recombineering with
RecEThTJI49 and RecETh1h2eYI23 was systematically
optimized, and the efficiency of various recombinase com-
binations was further tested in E. coli and B. glumae PG1.
These recombineering systems were introduced into dif-
ferent strains of Burkholderia for genome engineering by
inserting functional promoters to activate cryptic NRPS
BGCs of which three were successfully activated. Three
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new (compounds 1–3) and four known (compounds 4–7)
lipopeptides were identified from the recombinant B. plan-
tarii DSM9509 mutant DSM9509::PApra-BGC4. Com-
pounds 3 and 7 exhibited potential anti-inflammatory
activity by inhibiting lipopolysaccharide (LPS)-stimulated
nitric oxide (NO) production in RAW 264.7 macrophages.

Results and discussion

Endogenous phage recombinase pairs in Burkholderia

Burkholderia and Burkholderia phage genomes were
searched for candidate DNA recombination proteins with
Position-Specific Iterative BLAST (PSI-BLAST) using the
coding sequences of Redb, RecT and Plub as queries in
the non-redundant protein sequence database (Altschul
et al., 1997). Three RecET-like operons, RecETheBDU8,
RecEThTJI49 and RecETh1h2eYI23, were identified (Fig. 1
and Table S4). RecETheBDU8 from Burkholderia sp.
BDU8 harbours a four-gene operon predicted to encode:
the YqaJ viral recombinase family protein RecEBDU8 (pro-
tein ID: KVE53656.1; locus tag: WS71_06320), which is
equivalent to RecE; the recombinase RecTBDU8 (protein
ID: KVE53655.1; locus tag: WS71_06315), equivalent to
RecT; and the two hypothetical proteins hBDU8 (protein
ID: KVE53654.1; locus tag: WS71_06310) and eBDU8
(protein ID: KVE53653.1; locus tag: WS71_06305). The
second operon, RecEThTJI49 from Burkholderia sp. TJI49,
is predicted to encode the following three proteins: the
hypothetical protein RecETJI49 (protein ID: EGD06616.1;
locus tag: B1M_00520), which was 24% identical to
RecE; the phage-related DNA recombination protein Rec-
TTJI49 (protein ID: EGD06615.1; locus tag: B1M_00515);
and the hypothetical protein hTJI49 (protein ID:
EGD06614.1; locus tag: B1M_00510). The third operon,
RecETh1h2eYI23 from Burkholderia cordobensis YI23,
contains genes encoding the putative 50-30 specific

dsDNA exonuclease RecEYI23 (protein ID: AET91062.1;
locus tag: BYI23_B004550); the putative recombinase
protein RecTYI23 (protein ID: AET91060.1; locus tag:
BYI23_B004530), which showed significant similarity to
RecT (sequence identity of 46% in a 108-amino acid
region); three hypothetical proteins h1YI23 (protein ID:
AET91061.1; locus tag: BYI23_B004540), h2YI23 (protein
ID: AET91063.1; locus tag: BYI23_B004560) and eYI23
(protein ID: AET91059.1; locus tag: BYI23_B004520).
The three pairs of recombinases (RecE/RecT homo-
logues) from these operons were chosen for the develop-
ment of the recombineering systems in B. glumae PG1.

Optimization of transformation efficiency in B. glumae
PG1

In E. coli, transformation efficiency is important when
manipulating DNA in vivo (Sharan et al., 2009), and the
recombinant proteins are usually induced when the cells
enter log phase growth (Fu et al., 2010; Yin et al., 2015,
2019). In order to optimize transformation efficiency for
Burkholderia, a B. glumae PG1 growth curve was first
plotted at 30°C (Fig. 2A). Overnight cultures were diluted
to OD600 = 0.1 to start the growth-monitored cultures.
After approximately 2 h, the B. glumae PG1 culture
entered log phase, and the plasmid pBBR1-Rha-Firefly-
kan was transformed into electrocompetent cells pre-
pared at different time points. The cells prepared at 2 h
and room temperature yielded the most transformants
(Fig. 2B). Transformation efficiency in B. glumae PG1
using different electroporation solutions and DNA
amounts was also tested (Fig. 2C and D), with the high-
est transformation efficiency obtained using S solution at
room temperature. The cells yielded the most transfor-
mants using 1500 ng DNA with B. glumae PG1 in S
solution, although 500 ng DNA was sufficient for

Fig. 1. Red/ET recombinase pairs from lambda phage and Rac prophage and their homologues in Burkholderia. Arrows with the same shade
represent genes with similar functions or classification. All genes are drawn to scale.
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transformation. Thus, efficient transformation conditions
for B. glumae PG1 were established.

Efficiency of recombineering systems

The recombinase expression plasmids (Fig. 3 and
Table S2) used to evaluate homologous recombination
efficiencies were based on a broad host range origin of
replication (pBBR1; Antoine and Locht, 1992), and the
rhaR-rhaS PRha inducible promoter (Egan and Schleif,
1993, 1994) was inserted into these plasmids to control
the expression of the recombination operons. We first
compared the recombination efficiency of three operons,

RecETheBDU8, RecEThTJI49 and RecETh1h2eYI23, using
E. coli Redcba, S. brevitalea DSM7029 Redba7029, and
Pseudomonas RecTEPsy, BAS, and GBAS as reference.
The assays were plasmid modification in E. coli and the
genome modification in B. glumae PG1 (Fig. 3). For
transformation of E. coli, we used conditions described
in our previous study (Fu et al., 2012), and for transfor-
mation of B. glumae, PG1, we used the optimized condi-
tions described above.
In the plasmid modification assay with E. coli, a PCR

product carrying an apramycin resistance gene (apra)
flanked by 80 bp homology arms (Fig. 3A, red lines)
was integrated into an expression plasmid, replacing the

Fig. 2. Optimization of transformation efficiency in B. glumae PG1. (A) Growth curve of B. glumae PG1. The optical density at 600 nm (OD600)
was measured every 2 h from a starting OD600 of 0.1. (B–D) Transformation efficiency comparison in B. glumae PG1 using different (B) incuba-
tion times and temperatures, (C) electroporation solutions and (D) DNA amounts. For (C), the competent cells were treated with different elec-
troporation solutions: H2O, double-distilled water; S, 10% sucrose (w/v); G, 10% glycerol (v/v); SH, 10% sucrose (w/v) + 2 lM HEPES; GH,
10% glycerol (v/v) + 2 lm HEPES. Error bars, SD; n = 3.
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recombinase genes, the Rha promoter, and the rhaS
and rhaR genes and resulting in the plasmid product
pBBR1-apra-kan (Fig. 3A). Results are based on count-
ing apramycin-resistant colonies followed by verification
of pBBR1-apra-kan by restriction analysis. In the gen-
ome modification assay with B. glumae PG1, an apra-
mycin resistance gene (apra) flanked by 80 bp
homology arms (red lines) was inserted before the gene
BGL_RS05915 in B. glumae PG1 (Fig. 3C). Results are

based on counting apramycin-resistant colonies followed
by PCR verification (Fig. S2).
All eight recombinase operons exhibited recombination

activity in E. coli (Fig. 3B), with Redcba showing the
highest efficiency followed by Redba7029. Although
Redba7029 exhibited high efficiency in S. brevitalea
DSM7029 (Wang et al., 2018b), it showed very low
recombineering efficiency when compared to that of
RecEThTJI49 and RecETh1h2eYI23 in Burkholderia

Fig. 3. Recombineering with different protein combinations in E. coli and B. glumae PG1.
A. Diagram of plasmid modification (linear plus circular homologous recombination, LCHR) in E. coli. A PCR product carrying an apramycin
resistance gene (apra) flanked by 80 bp homology arms (represented by red lines) was integrated into the expression plasmid, replacing the
recombinase genes, the Rha promoter, and the rhaS and rhaR genes. gba, Redcba of E. coli; BA_7029, Redba7029; EThe_bdu8, RecET
homologs and hypothetical proteins of Burkholderia sp. BDU8; ETh_tji49, RecET homologs and a hypothetical protein of Burkholderia sp.
TJI49; ETh1h2e_yi23, RecET homologs and hypothetical proteins of Burkholderia cordobensis YI23; TEpsy, RecTE homologs from P. syringae
pv. tomato DC3000; BAS, Redba and SSB protein from P. aeruginosa phage vB_PaeP_Tr60_Ab31; GBAS, Redc combined with Redba and
SSB protein from P. aeruginosa phage vB_PaeP_Tr60_Ab31.
B. Functional characterization of recombinases in E. coli using an LCHR assay.
C. Diagram of genome modification of B. glumae PG1. An apra gene flanked by 80 bp homology arms (red lines) was inserted upstream of the
BGL_RS05915 gene in B. glumae PG1.
D. Functional characterization of recombinase combinations in B. glumae PG1 using a genome modification assay. Error bars, SD; n = 3.
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glumae PG1 (Fig. 3D). Recombination operons from
Burkholderia, especially RecEThTJI49, showed very low
efficiency in E. coli. However, in B. glumae PG1, only
RecETh1h2eYI23, RecEThTJI49 and RecETheBDU8 were
functional (Fig. 3D). As RecEThTJI49 and RecETh1-
h2eYI23 had the highest recombineering efficiency in B.
glumae PG1, these two operons were selected for fur-
ther optimization of recombineering.

Recombination efficiency of different recombinase
combinations

In the search for recombination proteins in Burkholderia
and Burkholderia phage genomes, the hypothetical pro-
teins in the RecETheBDU8, RecEThTJI49 and RecETh1-
h2eYI23 operons were considered to be functionally
associated with their neighbouring recombinase. There-
fore, to test the function of the hypothetical proteins, we
generated a series of constructs to evaluate recombi-
nase activity with or without the different hypothetical
proteins (Table S2). RecETBDU8, RecETTJI49 and RecE-
TYI23 were also combined with either Redc or Pluc to
determine whether these two proteins could function in
synergy with the Burkholderia RecET proteins
(Table S2). The recombination efficiency of these recom-
binase expression plasmids was compared in E. coli and
B. glumae PG1 (Fig. 4).
In E. coli, Redc significantly increased the recombina-

tion efficiency of RecETBDU8, RecETTJI49 and RecETYI23,
whereas the hypothetical proteins did not. Pluc also
markedly enhanced the efficiency of RecETBDU8 and
RecETYI23, although it failed to function synergistically
with RecETTJI49. Notably, the efficiency of RecETYI23

was as equivalent as that of Redcba in E. coli when a
host nuclease inhibitor was provided (Fig. 4E).
In B. glumae PG1, removal of any of the hypothetical

proteins decreased the efficiency of the three operons,
with the exception of h2 from the RecETh1h2eYI23
operon, which did not show any effect on recombination
(Fig. 4F). The efficiency of RecETBDU8, RecETTJI49 and
RecETYI23 combined with Redc or Pluc was lower than
that of RecETheBDU8, RecEThTJI49 and RecETh1h2eYI23,
indicating that the complete native operons were more
efficient in B. glumae PG1.

Optimization of recombineering in B. glumae PG1

Next, we optimized the electroporation procedure for
RecEThTJI49 and RecETh1h2eYI23 for recombineering in
B. glumae PG1 (Figs 5 and S3). For both RecEThTJI49
and RecETh1h2eYI23, optimal recombination efficiency
was achieved using an incubation time of 2 h, an induc-
tion time of 40 min and an induction temperature of
35°C (Figs 5A–C and S3A–C). RecEThTJI49 exhibited

optimal recombination efficiency with ice-cold 10% (v/v)
glycerol as the electroporation solution whereas ice-cold
water was more effective for RecETh1h2eYI23 (Figs 5D
and S3D). Titration of DNA amounts from 100 ng to
2000 ng indicated that increases from 800–2000 ng had
no significant effect on the recombination efficiency of
either RecEThTJI49 or RecETh1h2eYI23 (Figs 5E and
S3E), and therefore, the saturation amount of DNA was
800 ng for B. glumae PG1. Various lengths of the
homology arms were also tested, and although
RecEThTJI49 and RecETh1h2eYI23 exhibited highest effi-
ciency with lengths of 125 and 150, 100 bp was suffi-
cient for both operons in B. glumae PG1 (Figs 5F and
S3F). PCR verification of recombination with
RecEThTJI49 using homology arms of different lengths
confirmed that all recombinants were correct. From the
above results, optimal recombineering conditions of
RecEThTJI49 and RecETh1h2eYI23 in B. glumae PG1
were obtained.

In situ activation of cryptic NRPS BGCs in Burkholderia
strains

Insertion of a functional promoter can precisely and suc-
cessfully activate cryptic BGCs (Myronovskyi and
Luzhetskyy, 2016). In this study, cryptic NRPS/PKS
BGCs were examined by comparative metabolite analy-
sis using promoter insertion activated mutants, inacti-
vated mutants and wild-type strains (Table S6). The
activated mutants were constructed by inserting an
antibiotic selection marker upstream of the first NRPS-
PKS gene. The DNA sequence of the modules of the
core NRPS-PKS genes in the target BGC was inter-
rupted by the same antibiotic marker to generate a com-
pletely inactivated mutant (Fig. 6). Using this approach,
we generated inactivated and activated mutants of three
NRPS/PKS BGCs of B. plantarii DSM9509 and three
NRPS/PKS BGCs of B. glumae DSM9512, respectively.
The metabolite profiles of these activated mutants, inacti-
vated mutants and wild-type strains were compared
using HPLC-MS (Figs 7, S5 and S6), and the products
of three cryptic NRPS BGCs, BGC4 and BGC11 of B.
plantarii DSM9509 and BGC9 of B. glumae DSM9512,
were detected in the activated mutants, indicating suc-
cessful activation by promoter insertion. Thus, in this
study, the success rate of this strategy of using
recombinase-assisted in situ insertion of promoters to
activate cryptic BGCs was about 50%.

Identification of new lipopeptides from DSM9509::PApra-
BGC4

The seven lipopeptides 1–7 were obtained from the
recombinant B. plantarii DSM9509 mutant DSM9509::
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PApra-BGC4 (Fig. 7). BGC4 (hpt) was similar to those of
hgd BGC from B. gladioli pv. agaricicola and hgm BGC
from B. glumae (Fig. 7 and Table S6). The hptC gene

encodes an NRPS predicted to form a five-amino acid
lipopeptide. Furthermore, the first condensation (C)
domain was deduced to be a starter type condensation

Fig. 4. Recombination efficiencies of various recombinase combinations in (A, C, E) E. coli and (B, D, F) B. glumae PG1. Efficiencies were
compared using complete or partial Burkholderia recombinase operons or combinations of the Burkholderia RecE/T proteins with proteins from
other recombinase systems. GBA was included for comparison in the E. coli assays. (A, B) ETheBDU8 combinations. (C, D) EThTJI49 combina-
tions. (E, F) ETh1h2eYI23 combinations. Error bars, SD; n = 3.
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(Cs) domain that can incorporate an acyl group as the
first unit (Rausch et al., 2007). Thus, the lipopeptide was
predicted to be Acyl-Thr-Thr-Leu-X-X, which differs from
haereogladin and haereoglumin.
The structures of the new lipopeptides (1–3) were elu-

cidated by comprehensive analysis using nuclear mag-
netic resonance (NMR), high-resolution electrospray
ionization mass spectrometry (HRESIMS), MS/MS data
and Marfey’s analysis. Compound 1 was isolated as a
white, amorphous powder, and its molecular formula,
C38H58N6O10, was established from a pseudomolecular
ion peak at m/z 759.4278 [M + H]+ in its HRESIMS pro-
file (Fig. S16), which suggested 17 indices of hydrogen
deficiency. The infrared spectroscopy (IR) spectrum of 1
exhibited absorption bands due to OH and NH
(3315 cm�1), C=O (1637 cm�1) and C=C (1538 cm�1)
groups (Fig. S18). 1H NMR, 13C NMR, distortionless
enhancement by polarization transfer (DEPT)-135,
DEPT-90 and heteronuclear single quantum coherence

(HSQC) spectra showed 38 carbon signals, including 11
nonprotonated carbons (seven carbonyl and four olefi-
nic), 13 methines (two olefinic and four aromatic), six
methylenes and eight methyls (Figs S8–S12). Analysis
of the 1H,1H�COSY (correlated spectroscopy) correla-
tions revealed a spin system of octanoate (Oct), two
units of dehydrobutyrine (Dhb), b-OH-leucine (b-OH-
Leu), valine, p-amino benzoate (PABA) and threonine
(Thr; Fig. S13). The peptide sequence was determined
to be Oct/Dhb/Dhb/b-OHLeu/Val/PABA/Thr by further
analysis of the heteronuclear multiple bond correlation
spectroscopy (HMBC) correlations from amide protons
and adjacent carbonyl groups (Fig. S14). This conclu-
sion is in agreement with the MS/MS fragmentation pat-
tern (Fig. S17). The configuration of the Dhb units was
determined as having nuclear Overhauser effect (NOE)
correlations of H3-4 in Dhb1 with H-N in the adjacent
Dhb2, H3-4 in Dhb2 with H-N in the adjacent b-OH Leu
(Figs S7 and S15). The absolute configurations of the

Fig. 5. Optimization of recombination efficiency of RecEThTJI49 in B. glumae PG1 for genome modification. (A–F) Recombination efficiency
comparisons of RecEThTJI49 using different (A) incubation times, (B) induction times, (C) induction temperatures, (D) electroporation solutions,
(E) DNA concentrations and (F) lengths of the homology arms. (G) PCR verification of recombinants obtained using different lengths of homol-
ogy arms. M, Takara DL2000 DNA ladder. H2O, double-distilled water; S, 10% (w/v) sucrose; G, 10% (v/v) glycerol; SH, 10% (w/v)
sucrose + 2 lM HEPES; GH, 10% (v/v) glycerol + 2 lm HEPES. Error bars, SD; n = 3.
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amino acids were established by Marfey’s method as L-
Val, (2R,3S)-3-OH-Leu and L-Thr, which is consistent
with bioinformatics analysis of the C domains
(Table S13). The structure of compound 1 was found to
be similar to that of haereoplantin D, which was pub-
lished during the preparation of this manuscript, except
that a L-Leu was replaced by L-Val in 1. Thus, compound
1 was named haereoplantin F.
Compound 2 exhibited an HRESIMS [M + H]+ ion peak

at m/z 743.4334 (calc. 743.4338), indicating one less O-
atom than 2 (Fig. S30). An examination of the NMR spec-
troscopic data (Figs S21–S29) showed the structure of 2
to be similar to that of 1, except for the presence of the
methylene protons at dH 1.720 and 1.530 ppm and dC
39.58 ppm, respectively. Further analysis of the
1H,1H�COSY and HMBC correlations and MS/MS frag-
mentation pattern determined the presence of a Leu in 2
instead of the 3-OH-Leu in 1. The complete structure of 2
was further determined by Marfey’s analysis (Table S13).
Compound 2 was named haereoplantin G, and its struc-
ture was elucidated as shown. Compound 3, named
haereoplantin H, showed NMR data similar to that of 2,
except for the presence of an Ile instead of the Val. This
structure was also confirmed by NMR, HRESIMS and
MS/MS fragmentation studies (Figs S35–S44).
The structures of the known compounds 4 (haereo-

plantin A), 5 (haereoplantin C), 6 (haereoplantin D) and
7 (haereoglumin B) were elucidated based on

comparison of their NMR and MS data with those
reported in the literature (Thongkongkaew et al., 2018;
Yoshimura et al., 2020).
Compounds 8 (985 [M + H]+) and 9 (971 [M + H]+)

were both detected in the recombinant B. glumae
DSM9512 mutant DSM9512::PApra-BGC9 and B. plantarii
DSM9509 mutant DSM9509::PApra-BGC11 (Table S6,
Figs S5 and S6). Compound 8 was determined to be bur-
rioglumin B by comparing the NMR data and MS/MS frag-
mentation patterns (Thongkongkaew et al., 2018). Only
0.4 mg of compound 9 was obtained, which was not
enough for NMR analysis. However, 9 was deduced to be
burrioglumin A by MS/MS fragmentation studies and
bioinformatic analysis (Thongkongkaew et al., 2018).

Bioactivity analysis

Compounds 1–7 were evaluated for their ability to inhibit
NO production in LPS-stimulated RAW264.7 cells using
the Griess assay (Sun et al., 2015). Notably, none of the
compounds displayed cytotoxicity with murine macro-
phage RAW264.7 cells using the MTT [3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyl-2H-tetrazolium bro-
mide, Sigma] assay (IC50 > 48 lM; Table S14; Alley
et al., 1988), which suggested that any inhibition of NO
production would not be due to cytotoxicity. As shown in
Fig. 8, compound 3, which has a D-Leu and an L-Ile, and
compound 7, which has a D-Leu and an L-Leu, showed

Fig. 6. Workflow of the development of an efficient recombineering system and its application to activate cryptic biosynthetic gene clusters
(BGCs). ‘SM’, selectable marker; ‘P’, promoter; ‘ha’, homology arms.
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strong inhibition of NO generation activity. Compound 7
exhibited the highest potency, and the inhibition
increased in a concentration-dependent manner, with
inhibition rates of 28.29%, 44.56% and 66.43% at 5, 10
and 20 lM, respectively (Fig. 8).
As LPS-induced oxidative stress plays a pivotal role

in inflammation, we further investigated the effects of
compounds 1–7 on LPS-induced production of reactive
oxygen species (ROS) production. The results showed
that pretreatment with 20 lM of compound 7 signifi-
cantly decreased LPS-induced ROS production in
RAW264.7 cells (Fig. S47). Our findings suggest that
compounds with a D-Leu and either an L-Leu or an
L-Ile have potentially important anti-inflammatory activi-
ties in LPS-stimulated macrophages and that they may

be promising lead compounds for developing anti-
inflammatory therapies.

Concluding remarks

Recombineering, developed in E. coli in 1998 (Abbasi
et al., 2020), has been efficiently used to engineer the
genome of E. coli and several genetically close species.
However, apparent host-specific factors limited the wider
application of recombineering in other species. In recent
years, we and others have explored recombination sys-
tems for some genetically distant bacteria, such as the
RecETPsy system from Pseudomonas syringae pv.
DC3000 (Swingle et al., 2010), BAS from Pseudomonas
aeruginosa phage Ab31, and TEPsy from Pseudomonas

Fig. 7. Mining of a cryptic BGC in B. plantarii DSM9509.
A. HPLC-MS analysis (BPC) of extracts from (a) DSM 9509 wild type, (b) BGC4 inactivated mutant of DSM9509-DSM9509::PApra-
BGC4Dmodule2 and (c) BGC4 activated mutant of DSM 9509-DSM9509::PApra-BGC4.
B. Structure of BGC4 and NRPS module architecture of hptC. The structure shows the promoter (P-Apra) inserted upstream of the first gene in
the BGC. The predicted NRPS modules and A domain are shown for hpt. A, adenylation domain; C, condensation domain; C/E, dual condensa-
tion/epimerization domain; CS, starter condensation domain; T, peptidyl carrier domain; TE, thioesterase domain.
C. Complete structures of compounds 1–7 produced by DSM9509::PApra-BGC4.
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syringae pv. syringae B728a (Yin et al., 2019), Plucba
from Photorhabdus luminescens (Yin et al., 2015) and
Redba7029 from S. brevitalea DSM7029 (Wang et al.,
2018b).
The Burkholderia genus includes both human and

plant pathogens and environmentally important species.
Burkholderia strains have been reported to be new
sources of natural products with a myriad of cryptic
BGCs (Lim et al., 1994; Hammer et al., 1999; Crabb
et al., 2008; Nguyen et al., 2008; Knappe et al., 2009;
Biggins et al., 2011), emphasizing the need for an effi-
cient Burkholderia recombineering system that enables
the discovery of natural products by genome engineer-
ing. In this study, we have described a recombineering
system based on three RecET-like operons,
RecETheBDU8 from Burkholderia sp. BDU8, RecEThTJI49
from Burkholderia sp. TJI49 and RecETh1h2eYI23 from
Burkholderia cordobensis YI23. All three operons encode
RecE and RecT homologues and hypothetical proteins,
which may function similarly to Redc or Pluc (Fig. 1 and
Table S4). Our experiments to optimize the efficiency of
recombineering led to the following conclusions.
All three operons exhibited recombination function in

B. glumae PG1, although RecETh1h2eYI23 and
RecEThTJI49 showed higher efficiency compared to
RecETheBDU8. Additionally, five other non-Burkholderia
recombineering operons, that is Redcba, Redba7029,
RecTEPsy, BAS and GBAS, were inferior to the Burkholde-
ria operons in B. glumae PG1. Therefore, these three
recombinase operons provide a more suitable foundation
for efficient genome engineering systems in Burkholderia.
In our previous work, BAS and TEPsy combined with

Redc and Pluc, respectively, remarkably enhanced

recombination efficiency in Pseudomonas aeruginosa
(Yin et al., 2019). The addition of Redc into Redba7029
also significantly increased recombination efficiency in
both E. coli and S. brevitalea DSM 7029 (Wang et al.,
2018b). In this current study, the addition of Redc into
the RecETBDU8, RecETTJI49, or RecETYI23 operons, and
Pluc into RecETBDU8 or RecETYI23 significantly
increased recombination efficiency in E. coli. However,
in B. glumae PG1, neither Redc nor Pluc increased the
efficiency of the three Burkholderia operons. These find-
ings suggest that Redc and Pluc may alter the function
of the RecBCD complex by temporarily blocking its
exonuclease activity in E. coli but not in B. glumae PG1.
With the exception of the hypothetical protein h2YI23,

removal of any of the hypothetical proteins of these three
recombinase operons decreased recombination effi-
ciency in B. glumae PG1, suggesting a role for these
proteins in recombination. This finding is consistent with
a previous study showing that RecEThBDU8, which is
missing the hypothetical protein ‘e’, had very low recom-
bination efficiency in Paraburkholderia rhizoxinica HKI
454 (Wang et al., 2018b). Nevertheless, as it had no
effect on recombination efficiency, h2YI23 could be omit-
ted to yield the optimal combination RecETh1eYI23. Nota-
bly, the hypothetical proteins did not enhance
recombination efficiency in E. coli. Thus, we suggest that
the cooperation of these hypothetical proteins with the
Burkholderia RecE and RecT homologues might proceed
via a new mechanism, although further experiments are
needed to clarify their role.
Finally, the combination of Redc or Pluc with RecE-

TYI23 were as efficient as Redcba in E. coli for recombi-
neering, revealing RecETYI23 may have relaxed host

Fig. 8. Effects of compounds 1–7 on LPS-stimulated NO production in RAW264.7 cells. NO production in the absence of LPS was used as
negative control. LPS-stimulated NO production in the absence of added compounds (‘LPS’ bar) was used as the positive control and was
considered 100% production. Patterned bars indicate different amounts of the compounds in micrograms. ***P < 0.001 compared with the
control group; #P < 0.05, ##P < 0.01 and ###P < 0.001 compared with the LPS group. Error bars, SD; n = 3.
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specificity which worth further investigation of its utility in
other Gram-negative bacteria.
Overall, through the evaluation of different configura-

tions and the optimization of the RecEThTJI49,
RecETh1eYI23 and RecETh1h2eYI23 operons in B. glu-
mae PG1, our study indicates that high recombineering
efficiency can be achieved in Burkholderia and that
these operons may be applied to engineer the genome
of Burkholderia strains. Characterization of cryptic BGCs
identified by genome sequencing remains a significant
challenge because most of these clusters are not
expressed in laboratory cultures. Mining of cryptic BGCs
from native producers, which likely possess all the meta-
bolic and biosynthetic requirements, is comparatively
easier than from heterologous hosts. Recently, promoter
reengineering of cryptic BGCs has resulted in the suc-
cessful activation of BGCs and production of new natural
products (Montiel et al., 2015; Zhang et al., 2017). In our
study, cryptic BGCs were activated by using our recom-
bineering system to insert a promoter upstream of the
target BGCs. Using this recombineering system,
pathway-specific regulatory genes can be manipulated to
activate cryptic BGCs or improve production of weakly
expressed BGCs.
In conclusion, we developed a recombineering system

for Burkholderia glumae and the related B. plantarii
based on three Rac bacteriophage RecET-like operons,
RecETheBDU8, RecEThTJI49 and RecETh1h2eYI23. We
then demonstrated the successful application of this
recombineering system by inserting a promoter upstream
of the main biosynthetic genes in cryptic BGCs, leading
to activation of these BGCs and the identification of
three new lipopeptides. Compound 7 exhibited significant
potential anti-inflammatory activity by inhibiting LPS-
stimulated NO production in RAW 264.7 macrophages.
This recombineering system may work for the other spe-
cies of the genus Burkholderia after optimization of a
protocol and enhance functional genome research and
mining of novel natural products.

Experimental procedures

Strains, plasmids and reagents

The wild-type bacterial strains, the mutants and plasmids
used in this work are listed in Table S2. All the expres-
sion plasmids used here to evaluate homologous recom-
bination efficiencies are based on the pBBR1 origin
(Antoine and Locht, 1992) and the rhamnose inducible
promoter PRhaSR (Wang et al., 2016). The plasmids were
constructed by recombineering either in E. coli GB08-red
for linear plus circular homologous recombination
(LCHR) or in E. coli GB05-dir linear plus linear homolo-
gous recombination (LLHR; Fu et al., 2012). When T4

DNA ligase was used, the DNA ligation products were

dialyzed and then electroporated in E. coli GB2005.
Genes encoding different recombinases were amplified
using polymerase chain reaction (PCR) products from
corresponding genomic DNA or synthesized according
to the original sequences in Genbank by Sangon Bio-
tech (Shanghai), in China. Oligonucleotides were synthe-
sized by Sangon Biotech (Shanghai), in China
(Table S3). Restriction enzymes, DNA polymerases and
DNA markers were supplied by New England Biolabs
(Lpswich, MA, USA). The antibiotics were purchased
from Invitrogen (Carlsbad, MA, USA). E. coli was cul-
tured in Luria–Bertani (LB) broth or on LB agar plates
(1.2% (m/v) agar). Burkholderia species were cultured in
CYMG (8 g l�1 Casein peptone, 4 g l�1 Yeast extract,
4.06 g l�1 MgCl2�2H2O, 10 ml l�1 glycerin) broth or agar
plates. The concentration of the required antibiotics is
listed in Table S5.

General experimental procedures

Optical rotations were acquired by an Anton Paar MCP
200 polarimeter at 20°C. UV data were recorded using a
UV-2550 spectrophotometer (Shimadzu, Japan). IR
spectra were measured on a Nicolet iN 10 Micro FTIR
spectrometer. 1H and 13C NMR, DEPT, and 2D NMR
spectra were recorded on a Bruker AvanceIII 600 MHz
with TCI cryoprobe using TMS as an internal standard.
HRESIMS spectra were measured on a Bruker Impact
HD microTOF Q III mass spectrometer (BrukerDaltonics,
Bremen, Germany) using the standard ESI source.
HPLC-MS was operated using a Thermo Scientific Dio-
nex Ultimate 3000 system coupled with the Bruker ama-
zon SL Ion Trap mass spectrometry (Bruker Corporation,
Bremen, Germany), controlled by HYSTAR v3.2 and CHRO-

MELEON XPRESS software. A Thermo ScientificTM AcclaimTM

C18 column (2.1 9 100 mm, 2.2 lm) was used. The
mobile phase consisted of H2O containing 0.1% (v/v) FA
and ACN. Semipreparative HPLC was performed using
an ODS column [Bruker ZORBAX SB-C18,
250 9 10 mm, 5 lm, 2 ml min�1]. TLC and column
chromatography (CC) were performed on plates pre-
coated with silica gel GF254 (10–40 lm) and over silica
gel (200–300 mesh, Qingdao Marine Chemical Factory,
Qingdao, Shandong, China) and Sephadex LH-20 (GE
Healthcare, Pittsburgh, PA, USA) respectively.

Bioinformatic analysis

The coding sequences of Redb (WP_001350280.1),
RecT (WP_000166319.1) and Plub (WP_011147155.1)
homologs were examined in the NCBI non-redundant
protein sequence database using PSI-BLAST (Altschul
et al., 1997). RecTYI23 was taken as an example to illus-
trate the method of finding its genomic position. (i) The
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protein ID of RecTYI23, AET91060.1, was obtained after
PSI-BLAST search; (ii) the locus tag of recTYI23,
BYI23_B004530, was found by searching the protein ID
in GenBank database; (iii) the genomic position of rec-
TYI23 was determined by searching the locus tag
BYI23_B004530 in the genome sequence of Burkholde-
ria cordobensis YI23. Only adjacent Redab-like, RecET-
like or Pluab-like recombinases present in either a
Burkholderia or Burkholderia phage genome were
selected in Table S4. Additionally, three RecET-like
recombinase operons (RecETheBDU8, RecEThTJI49 and
RecETh1h2eYI23) containing hypothetical proteins were
selected in this study.

Construction of recombinase expression plasmids

All the recombinase expression plasmids (Table S2)
used to evaluate homologous recombination efficiencies
are based on the pBBR1 origin and under the control of
rhaR-rhaS PRha inducible promoter (Antoine and Locht,
1992; Egan and Schleif, 1993, 1994). The original plas-
mid pBBR1-Rha-Redgba-kan was digested with HindIII
and NdeI to give linear fragment. The operon
EThe_bdu8 with an AseI digestion site at each end was
synthesized into a pUC57-amp vector. The synthesized
plasmid pUC57-amp-EThe_bdu8 was digested by AseI
to expose the terminal homology arms to the digested
(HindIII and NdeI) fragment of pBBR1-Rha-Redgba-kan.
Then, these two fragments were co-transformed into
GB05-dir to construct pBBR1-Rha-EThe_bdu8-kan. Con-
structions of the other two recombinase expression plas-
mids pBBR1-Rha-ETh_tji49-kan and pBBR1-Rha-
ETh1h2e_yi23-kan were similar to that of pBBR1-Rha-
EThe_bdu8-kan respectively. The complete nucleotide
sequences for pBBR1-Rha-ETh_tji49-kan and pBBR1-
Rha-ETh1h2e_yi23-kan have been deposited in
Addgene under accession numbers 166669 and 166670
respectively.
Different restriction sites have been added to each

end of the h or e gene during synthesis of these three
operons. Thus, the recombinase expression plasmids of
different combinations were constructed by digestion and
ligation. For example, pBBR1-Rha-EThe_bdu8-kan was
first digested by BamHI to remove the hypothetic protein
coding gene ‘h’. Then, the above liner fragment was cir-
cularized by T4 DNA ligase to yield the plasmid pBBR1-
Rha-ETe_bdu8-kan.
RecETBDU8, RecETTJI49 and RecETYI23 combined with

Redc or Pluc, respectively, were constructed by recombi-
neering using ccdB for counterselection (Wang et al.,
2014). For example, pBBR1-Rha-EThe_bdu8-kan was
first digested by XbaI to remove the hypothetic protein
coding genes ‘h’ and ‘e’ to give a linear fragment. This
linear fragment and cm-ccdB with homology arms were

co-transformed into GBdir-gyrA462 to construct the plas-
mid pBBR1-Rha-EThe_bdu8-cm-ccdB-kan. Then, this
plasmid and Redc with homology arms were co-
transformed into GB08-red to construct pBBR1-Rha-ET-
redc_bdu8-kan.
All the recombinants were selected on LB plates con-

taining suitable antibiotics incubate at 37°C. Correct
clones were verified by restriction analysis of the plas-
mids and sequencing of the regions comprising ‘redc
with homology arms’ or ‘pluc with homology arms’.

Transformation in B. glumae PG1

For B. glumae PG1, overnight cultures were diluted to
OD600 = 0.1 and 1 ml of the fresh cultures were grown
at 30°C, 950 rpm for different time (1, 1.5, 2, 2.5 and
3 h). Cells were then centrifuged at 10 000 rpm for
1 min at room temperature or ice cold. The pellet was
resuspended in room temperature or ice-cold solution s
(S solution, G solution, SH solution, GH solution and
ddH2O) and centrifuged again (10 000 rpm, at room
temperature or ice cold, 1 min). This was repeated twice
more. The cell pellet was suspended in 30 ll ice-cold S
solution, and 200 ng of the plasmid pBBR1-Rha-Firefly-
kan was added. Electroporation was performed using
ice-cold cuvettes (1 mm) and an Eppendorf 2510 elec-
troporator (1300 V). Then, 1 ml LB medium was added
after electroporation. The cells were incubated at 30°C
for 2 h with shaking at 950 rpm and then spread on LB
plates containing 5 lg ml�1 kanamycin.

Electrocompetent cells preparation and recombineering

Various recombinase expression plasmids were electro-
porated into E. coli and B. glumae PG1 respectively.
The E. coli electrocompetent cells were prepared
according to our established protocol (Fu et al., 2012).
For B. glumae PG1, overnight cultures containing the
expression plasmids were diluted into 20 ml LB medium
with kanamycin (5 lg ml�1). The starting OD600 value
was 0.1. 1 ml of the fresh culture was grown at 30°C,
200 rpm for 2 h. After addition of the inducer L-(+)-
rhamnose to a final concentration of 1.0 mg ml�1, the
cells were grown at 35°C, 950 rpm for 60 min. After the
OD600 was normalized, cells were then centrifuged for
1 min at 10 000 rpm at 2°C. The supernatants were dis-
carded, and the cell pellets were resuspended in 1 ml of
ice-cold 10% (v/v) glycerol solution for cells containing
pBBR1-Rha-ETh_tji49-kan and 1 ml of ice-cold ddH2O
for cells containing pBBR1-Rha-ETh1h2e_yi23-kan and
centrifuged. The washing procedure was repeated one
more time. Then, cells were resuspended in 30 µl of
washing solution (ice cold), and PCR product (500 ng)
was added. Electroporation was performed using ice-
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cold cuvettes (1 mm) and an Eppendorf 2510 electropo-
rator (1300 V). Then, LB medium (1 ml) was added after
electroporation. The cells were incubated at 30°C for 2 h
with shaking (950 rpm) and then spread on LB plates
containing appropriate antibiotics.

Fermentation and extraction of compounds from
Burkholderia strains

Liquid seed cultures of wild-type and engineered strains
were inoculated from a plate in 1.3 ml CYMG tubes and
then incubated at 30°C for 18 h with shaking (950 rpm).
Seed cultures were diluted at the ratio of 1:100 into
50 ml of CYMG broth in 250 ml baffled flasks, and the
flash cultures were incubated at 30°C, 200 rpm. Incuba-
tion was continued for 48 h, and then, 2% (v/v) of absor-
ber resin Amberlite XAD-16 was added and incubated
for 24 h continually. The biomass and XAD-16 were har-
vested at maximum speed in an Eppendorf 5240R cen-
trifuge for 10 min centrifugation, and the crude extracts
were extracted with 50 ml methanol. Finally, the extract
was concentrated in vacuo and redissolved in 1 ml
MeOH for further HPLC-MS analysis.

HPLC-MS analysis of extracts from Burkholderia strains

The HPLC system was performed using a Thermo Sci-
entificTM AcclaimTM C18 column (2.1 9 100 mm, 2.2 lm,
0.2 ml min�1) with gradient elution. UV spectra were
recorded on a DAD detector with wavelength ranging
from 190 to 400 nm. The MS was measured on a Bruker
amazon SL Ion Trap mass spectrometry (Bruker Corpo-
ration) using the standard ESI source. Mass spectra
were acquired in centroid mode ranging from 100 to
1500 m/z with positive-mode electrospray ionization and
auto MS2 fragmentation. HPLC parameters were as fol-
lows: solvent A, H2O with 0.2% (v/v) TFA; solvent B,
0.1% (v/v) TFA in acetonitrile (ACN); gradient at a con-
stant flow rate of 0.2 ml min�1, 0–5 min, 5% (v/v) B;
5–45 min, 5%–95% (v/v) B; 45–50 min, 95% (v/v) B; or
0–5 min, 5% (v/v) B; 5–25 min, 5%–95% (v/v) B;
25–30 min, 95% (v/v) B detection by UV spectroscopy at
190–400 nm.

Isolation and purification of compounds from DSM9509::
PApra-BGC4

DSM9509::PApra-BGC4 was cultured in 50 ml CYMG in
250 ml flasks (Total 20 l medium) at 30°C, 200 rpm for
two days. The resin XAD-16 was then added into the
fermentation broth. After three days, the biomass and
XAD-16 were harvested and extracted with methanol.
The MeOH extract (32.4 g) was separated by silica gel
column chromatography (MeOH�CH2Cl2, 1:20 to 1:1) to

give two fractions (Frs 1–2). Fr. 1 (9.5 g) was separated
over RP C18 lobar column (MeOH/H2O, 5:5 to 9:1) to
obtain six fractions; Frs. 1.1–1.6. Fr. 1.2 (510 mg) was
purified by semi-preparative HPLC (ODS; Bruker ZOR-
BAX SB-C18, 5 lm, 250 9 10 mm, ACN�H2O, 36:64,
2.5 ml min�1) to yield 1 (5.7 mg, tR = 13.2 min) and 4
(21.0 mg, tR = 12.6 min). Fr. 1.3 (250 mg) was sepa-
rated by semi-preparative HPLC (ACN�H2O, 38:62,
2.5 ml min�1) to afford 5 (7.8 mg, tR = 13.1 min) and 6
(5.8 mg, tR = 13.8 min). Fr. 1.4 (340 mg) was separated
by semi-preparative HPLC (ACN�H2O, 45:55,
2.5 ml min�1) to yield 2 (12.7 mg, tR = 13.9 min), 3
(5.9 mg, tR = 14.4 min) and 7 (6.3 mg, tR = 14.7 min).

Marfey’s analysis of the amino acid constituents of new
compounds

A 300–400 µg sample of compound was hydrolysed in
6N HCl at 60°C for 24 h. The acid hydrolysates of 1–7
were redissolved in H2O (50 ll), and then, 0.25 lM L-
FDAA in 100 ll of acetone was added, followed by 1 N
NaHCO3 (25 ll). The mixtures were heated for 1 h at
40°C. After cooling to room temperature, the reaction
was quenched by the addition 2 N HCl (25 ll). Finally,
the resulting solution was filtered through a small 2.5 lm
filter and analysed by LC-MS using AcclaimTM RSLC 120
C18 column (2.1 9 100 mm 2.2 lm) with a linear gradi-
ent of ACN and 0.1% (v/v) aqueous formic acid with dif-
ferent elution conditions (5%–95% (v/v) ACN in 15 min
(3-OH-Leu), 5%–55% (v/v) ACN at a flow rate of
0.3 ml min�1 and UV detection at 330 nm. Amino acid
standards were derivatized with L-FDAA in a similar
manner. Each chromatographic peak was identified by
comparing its retention times and molecular weight for
the L-FDAA derivatives of the L- and D-amino acid stan-
dards (Fujii et al., 1997a,b).

Bioactivity assay

Cell culture. Murine macrophage RAW264.7 cells were
purchased from the Shanghai Institutes for Biological
Science (SIBS, Shanghai, China). The cells were
cultured in DMEM (Hyclone, Waltham, MA, USA) with
100 units ml�1 streptomycin, 100 units ml�1 penicillin
(Gibco, Waltham, MA, USA) and 10% (v/v) foetal bovine
serum (Livning, Beijing, China) at 37°C in a humidified
environment with 5% (v/v) CO2 in cell incubator.

MTT assay. In vitro cytotoxicity was determined by the
MTT assay. Murine macrophage RAW264.7 cells were
seeded in 96-well plates at a density of
5 9 103 cells well�1. After 24 h of culture, compounds
1–7 were added at various concentrations (0.375, 0.75,
1.5, 3, 6 or 12 lmol l�1). Then, cells were treated with
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10 ll MTT (5 g l�1; Sigma, Darmstadt, German) for 4 h,
and the medium was replaced by 150 ll DMSO (Sigma,
Darmstadt, German). The absorbance was determined
at 570 nm using a VERSA max microplate reader
(Molecular Devices, San Jose, CA, USA). Cells viability
was calculated from the percentage relative to the
absorbance of control group.

Measurement of NO production. RAW 264.7 cells were
seeded in 96-well plates for 24 h. Then, cells were treated
with compounds (0–20 lM) for 30 min, followed by co-
treatment with LPS (10 lg ml�1) for another 24 h. The
Nitric Oxide assay kit with Griess reagents (Beyotime, Lot:
S0021, Shanghai, China) was used to examine cellular
supernatant nitrite accumulation, which represents cellular
NO levels. The OD value of 540 nm absorbance was
detected with a microplate reader at 540 nm.

Measurement of intracellular ROS level. The ROS level
was detected using the DCFH-DA assay, strictly
followed the guidance (Beyotime, Lot: S0033, Shanghai,
China). Briefly, cells were cultured in 6-well plates. After
the appropriate treatments, 10 lM DCFH-DA was added
and the cells were incubated for 20 min at 37°C in the
dark. After 20 min, cells were washed three times to
remove unloaded probe. A FACS Calibur flow cytometer
(Becton, Dickinson and Company, New York, NJ, USA)
was used to immediately detect fluorescence via the
FL1-H channel. Results were calculated assuming that
control absorbance was 1.0.

Statistical analysis. All experiments were performed at
least thrice. Statistical analysis was performed with
ANOVA (SPSS 17.0, Chicago, IL, USA) followed by
Tukey’s t-test. A P-values < 0.05 were considered to be
statistically significant.
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