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Sinorhizobium meliloti forms a symbiosis with the legume
alfalfa, whereby it differentiates into a nitrogen-fixing bacte-
roid. The lipid A species of S. meliloti are modified with very
long-chain fatty acids (VLCFAs), which play a central role in
bacteroid development. A six-gene cluster was hypothesized to
be essential for the biosynthesis of VLCFA-modified lipid A.
Previously, two cluster gene products, AcpXL and LpxXL, were
found to be essential for S. meliloti lipid A VLCFA biosynthesis.
In this paper, we show that the remaining four cluster genes are
all involved in lipid A VLCFA biosynthesis. Therefore, we have
identified novel gene products involved in the biosynthesis of
these unusual lipid modifications. By physiological character-
ization of the cluster mutant strains, we demonstrate the impor-
tance of this gene cluster in the legume symbiosis and for growth
in the absence of salt. Bacterial LPS species modified with
VLCFAs are substantially less immunogenic than Escherichia
coli LPS species, which lack VLCFAs. However, we show that the
VLCFA modifications do not suppress the immunogenicity of
S. meliloti LPS or affect the ability of S. meliloti to induce fluo-
rescent plant defense molecules within the legume. Because
VLCFA-modified lipids are produced by other rhizobia and
mammalian pathogens, these findings will also be important in
understanding the function and biosynthesis of these unusual
fatty acids in diverse bacterial species.

The a-proteobacterium Sinorhizobium meliloti forms a sym-
biosis with the agriculturally important legume Medicago
sativa (alfalfa) (for recent reviews, see Refs. 1 and 2). The sym-
biosis is initiated by the legume, which secretes flavonoids in
the absence of a suitable nitrogen source within the soil. S. meli-
loti then produce nodulation factors and colonize the root
hairs, where they induce the formation of plant-derived struc-
tures called infection threads. The bacteria then traverse down
these infection threads and are eventually endocytosed into
cortical root cells and encompassed in plant-derived, acidic
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membrane compartments called symbiosomes. Within the
symbiosome compartment, S.meliloti differentiates into a
morphologically distinct cell type known as a bacteroid (3),
which fixes nitrogen gas into ammonia for the legume. The
lipopolysaccharide (LPS) structure of S. meliloti has been
found to play a key role in bacteroid development within
legumes (4, 5).

LPS forms the outermost leaflet of the outer membrane of
Gram-negative bacteria, such as S. meliloti, and is composed of
lipid A, a sugar core, and O-antigen. The biosynthesis of LPS
has been most comprehensively studied in Escherichia coli (6).
However, unlike E. coli LPS, the LPS species of S. meliloti, other
rhizobia, and Brucella species differ, because they are modified
with an unusual very long-chain fatty acid (VLCFA)* of either
27-OHC28:0, 27-O (BOme C4:0) C28:0, or 29-OHC30:0 (7, 8).
The S. meliloti acpXL and [pxXL genes, which encode a VLCFA
acyl carrier protein and a VLCFA acyl transferase, respectively,
are essential for the biosynthesis of VLCFA-modified lipid A in
cultured S. meliloti (9, 10). The LpxXL VLCFA acyl transferase
was also found to be essential for the biosynthesis of VLCFA-
modified lipid A in S. meliloti bacteroids within alfalfa (5). Both
S. meliloti AcpXL and LpxXL proteins were demonstrated to
confer a competitive advantage to S. meliloti during the alfalfa
symbiosis and play central but distinct roles in bacteroid devel-
opment (5, 9, 10). S. meliloti acpXL and [pxXL mutants also
displayed an increased sensitivity to environmental stresses in
their free living state relative to the parent strain (9, 10). There-
fore, S. meliloti VLCFA-modified lipid A is important for the
legume symbiosis and for survival of S. meliloti within the rhi-
zosphere. It was also recently determined that the lipid A
VLCFA modification is essential for the symbiosis of Sinorhi-
zobium NGR234 with different types of legume hosts (11), fur-
ther confirming the importance of identifying the other gene
products involved in VLCFA biosynthesis.

The S. meliloti acpXL and IpxXL genes form a six-gene clus-
ter (Fig. 14), where the other four genes are also hypothesized
to encode proteins involved in the biosynthesis of the lipid A
VLCFA modification (Fig. 14) (9, 10, 12). This six-gene cluster
is also conserved in Rhizobium leguminosarum, where it was
shown that the fabZ XL, fabF2XL, and fabF1XL genes are part of
the same operon and that the FabF2XL gene product is involved

“The abbreviations used are: VLCFA, very long-chain fatty acid; HMW, high
molecular weight; LMW, low molecular weight; ACP, acyl carrier protein.
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TABLE 1
Strains and plasmids

Strain or plasmid

Relevant characteristic(s)

Source or reference

S. meliloti strains

Rm1021 Sm" derivative of SU47 Ref. 36
acpXL Rm1021 acpXL::pk18mobGII Nm" Ref. 9
IpxXL Rm1021 lpxXL::pJH104 Nm" Hm" Ref. 9
adhA2XL Rm1021 adhA2XL::pk18mobGII Nm" This study
fabFIXL Rm1021 fabF1XL::pk18mobGII Nm* This study
fabF2XL Rm1021 fabF2XL::pk18mobGII Nm" This study
fabZXL Rm1021 fabZXL::pk18mobGII Nm* This study
msbA2 Rm1021 msbA2::pJH104 Nm" Ref. 25
E. coli strains
DH5« supE44Alacti169 (w80lacZDM15) hsdR17 recAl endA1l gyrA96 thi-1 relAl Bethesda Research Laboratories
MT616 MM294A recA56 (pRK600) Cm" Ref. 17
Plasmids
pRK600 pRK2013 npt:Tn9 Cm* Ref. 17
pk18mobGII mob lacZa gusA Km"* Ref. 16
pRF771 pTE3 with an alternative polylinker Tc® Ref. 18
pSmfabZXL pRF771 carrying fabZXL with a 31 bp upstream of the start codon of the gene Tc"® This study
pSmfabF1XL pRF771 carrying fabF2XL with a 54 bp upstream of the start codon of the gene Tc® This study
pSmfabF2XL pRF771 carrying fabF1XL and 31 bp upstream of the start codon of the gene Tc" This study
pSmadhA2XL pRF771 carrying adhA2XL and 31 bp upstream of the start codon of the gene Tc® This study
pSmacpXL pRF771 carrying acpXL and 40 bp upstream of the start codon of the gene Tc® This study
pSmlpxXL pRF771 carrying IpxXL and 33 bp upstream of the start codon of the gene Tc® This study
in the biosynthesis of the VLCFA-modified lipid A (12). The ;A_BLE 2
rimers

adhA2XL gene s also predicted to form a two-gene operon with
the [pxXL gene (10). However, roles for the other cluster gene
products in the biosynthesis of the lipid A VLCFA remained to
be determined. Due to the importance of the VLCFA-modified
lipid A in both the free living and the symbiotic life of rhizobia,
we constructed insertional mutants in the fabZXL, fabF2XL,
fabFIXL, and adhA2XL genes in S. meliloti. Through biochem-
ical analysis of the lipid A species produced by these mutant
strains, we found that all of the genes in the acpXL-lpxXL clus-
ter encode proteins involved in the biosynthesis of the VLCFA-
modified lipid A.

EXPERIMENTAL PROCEDURES

Strains, Media, and Growth Conditions—The bacterial strains
and plasmids used in this study are shown in Table 1. E. coli
strains were grown in Luria-Bertani (LB) broth (10 g/liter NaCl)
(13) or on LB agar (1.5%, w/v) supplemented with the appropri-
ate antibiotics at 37 °C. S. meliloti strains were grown in either
LB broth or on LB agar (1.5%, w/v) supplemented with 2.5 mm
MgSO, and 2.5 mm CaCl, (LB/MC) and the appropriate anti-
biotics, where required, at 30 °C. For the salt gradient plates, a
modified LB medium without NaCl (LB~ N2¢!) was used such
that NaCl could be added to the specified concentration.

RNA Isolation and RT-PCR—AIl primers used in this study
are listed in Table 2. RNA was extracted from 20 ml of expo-
nential phase Rm1021 culture (A4y, ~0.1) using a previously
published protocol (14). In brief, cultures were rapidly micro-
centrifuged, and pellets were frozen for 10 min in liquid nitro-
gen. Total RNA was extracted using the RNeasy minikit (Qia-
gen). Cells were lysed in RLT buffer (supplied with the kit) using
Fast Protein tubes (Qbiogen) and the FastPrep FP120 cell dis-
rupter (30 s at 6.5 m/s*). The RNA was then purified using
the RNeasy minikit protocol. RT-PCR was performed using
the SuperScript One-Step RT-PCR kit (Invitrogen) accord-
ing to the manufacturer’s protocol. Co-transcription of
acpXL, fabZXL, and fabF2XL was analyzed using primers
smc04277_—241_F and smc04275_+188_R, co-transcription
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Restriction enzyme recognition sites are underlined.

Primer name

pkX_DS R
smc04278_—33_Pstl_F

Sequence (5'-3")

CGAAAGGGGGATGTGCTGC
TCTTAGCTGCAGATAGGGTTCGCCAAGACTC
5mc04278_st0p_XbaI_R CGTACGTCTAGACTCAACCCGCTTTTGC
smc04270_+78_EcoRI_F GATTACGAATTCCGAGGTGACGCTGCGGG
smc04270_+451_HindIIl_R AGTGCCAAGCTTCGAAGGTGACCGGCGCCA
smc04270_—270_F CGCCAGCCTTGTCATGAC
smc04270_—35_Pstl_F GCTTGGCTGCAGCTCGCGCGACAACGACATATG
smc04271 OfstopfxbaLR CGTACGTCTAGATCAATCCATCCGCAACACGATC
smc04273_+33_Pstl_F GTCGACCTGCAGTCCGATCGTTGCCGTC
smc04273_+406_HindIII_R AGTGCCAAGCTTGGAACCGATTATAGGCGTCG
smc04273_—155_F CGCTCTCGCTCGGACAC
smc04273_—31_Nsil_F GTGATCATGCATCGTGCTTGCCGCGGAAT
smc04273_+1307_Xbal_ R CGTACGTCTAGACAGAGGGGGCCTTTTTCTTCCAC
smc04275_+36_Pstl_F GTCGACCTGCAGGGTAGGCATCGTGACGAGC
smc04275_+446_HindIII_R AGTGCCAAGCTTGCCAGAAACAGCGTCGG
smc04275_—126_F GATATGCGATGCTCAGCTG
smc04275_—54_Pstl_F GCTTGGCTGCAGGCGTGCGGAAGAACTGGG
smc04275_stop_Xbal_R CGTACGTCTAGATTATTCCGCGGCAAGCA
smc04277 _+36_Pstl_F ATCTACCTGCAGCGAAACCGTCGATCTG
smc04277_+204_HindIII_R AGTGCCAAGCTTGAATTTCGTCGCGGCC
smc04277 —241_F CGAGGAGTACTTCGTGCTGA

smc04277 _—31_Pstl_F GCTTGGCTGCAGCTTGAGCGCGAAACGAATG
5mc04277_st0p_XbaI_R CGTACGTCTAGATCACTTCTCCGAACCGGC
smc04268_—40_Pstl_F TCTTAGCTGCAGAGTCGCGCCAGATCTTC
smc04268_stop_Xbal R CGTACGTCTAGATCAAAGAGACCGCTTGATG

smc04273_+352_R AAGCTCGAAACGGGCATT
smc04273_+960_F CACGCCCGAAAACGAC
smc04270_+235_R GGGAGCACATTGGCGA
smc04270_+698_F AGGGCGTCGATGTCGTC
smc4268_+149_R GCAACGCGATCCATGAAG
smc04275_+188_R CGGAATCTGCTGCGACC

8 F AGAGTTTGATCCTGGCTCAG
1492 R GGTTACCTTGTTACGACTT

of fabF2XL and fabF1XL using primers smc04273_—155_F and
smc04273_+352_R, co-transcription of fabF1XL and adhA2XL
using primers smc04273_+960_F and smc04270_+235_R, and
co-transcription of adhA2XL and [pxXL using primers
smc04270_+698_F and smc4268_+149_R (Table 2). To assess
the quality of the extracted RNA, the universal ribosomal RNA
primers 8F and 1492R were also used (15). For all primer pairs,
PCRs were also set up using the extracted RNA or an Rm1021
colony as a template using GoTaq DNA polymerase (Promega).
To confirm the correct identity of the RT-PCR products, and
the DNA fragments were purified (illustra GFX™ PCR DNA
and Gel Band Purification Kit) and sequenced.
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Constructions of Insertional Mutants—All primers used in
this study are listed in Table 2. The insertional mutant in
adhA2XL was obtained by amplifying a 374-bp internal frag-
ment of the gene using primers smc04270_+78_EcoRI_F and
smc04270_+451_HindIII_R. For the mutant in fabFIXL a
374-bp internal fragment using primers smc04273_+33_Pstl_F
and smc04273_+406_HindIII_R, for the mutant in fabF2XL a
411-bpinternal fragment using primers smc04275_+36_PstI_F
and smc04275_+446_HindIII_R, and for the fabZXL mutant a
169-bp internal fragment using primers smc04277_+36_Pstl_F
and smc04277_+204_HindIIlI_R was amplified by PCR. The
PCR fragments were then purified, digested with the respec-
tive restriction enzymes according to the manufacturer’s
protocols, ligated into the respective restriction sites of
pk18mobGII (16), and transformed into E. coli DH5«. The
plasmids were conjugated into the S. meliloti Rm1021 parent
strain by triparental mating using the E. coli strain MM294A
carrying the helper plasmid pRK600 (17). Transconjugates
were selected on LB/MC containing Sm (500 pg/ml) and Nm
(200 pg/ml) for 4 days. The correct insertions were con-
firmed by PCR using the plasmid-specific primer pkX_DS_R
and the chromosome-specific primers smc04270_—270_F
for the adhA2XL mutant, smc04273_—155_F for the
fabFIXL mutant, smc04275_—126_F for the fabF2XL mu-
tant, and smc04277_—241_F for the fabZXL mutant. The
disrupted genes were then transduced into Rm1021 using
¢$M12, and the mutants were selected on LB Sm Nm agar
plates (500 and 200 wg/ml, respectively).

Construction of Complementing Plasmids—For comple-
mentation of the insertional mutants, the complete genes,
including their ribosomal binding site, were cloned into
pRF771 (18) at the appropriate restriction sites, under the
control of the ¢trp promoter. The acpXL gene, including 40 bp
upstream of the start codon, was amplified using primers
smc04268_—40_Pstl_F and smc04268_stop_Xbal_R; the
fabZXL gene and a 31-bp region upstream of its start
were amplified using primers smc04277_—31_Pstl_F and
smc04277_stop_Xbal_R; the fabF2XL gene and a region
54 bp upstream of it were amplified using primers
smc04275_—54_Pstl_ F and smc04275_stop_Xbal_R; the
fabFIXL gene was amplified, including 31 bp upstream of
the start codon, using primers smc04273_—31_Nsil_F and
smc04273_+1307_Xbal_R; the adhA2XL gene and 35 bp
upstream of the start codon were amplified using primers
smc04270_—35_Pstl_F and smc04270_stop_Xbal_R; and the
IpxXL gene was amplified, including 33 bp upstream of
the start codon, using primers smc04278_—33_Pstl_F and
smc04278_stop_Xbal_R. All genes were then cloned into the
Pstl and Xbal sites of pRF771 to generate pSmacpXL,
pSmfabZXL, pSmfabF2XL, pSmfabFI1XL, pSmadhA2XL, and
pSmipxXL, respectively.

LPS Isolation—The LPS species were isolated using either
SDS lysis followed by SDS-PAGE or hot water/phenol extrac-
tion as described previously (10, 19). For SDS lysis, the strains
were grown for 48 h (72 h for the S. meliloti [pxXL mutant) to
mid-exponential phase (A4,, ~2.0), and then 1 ml of culture
was used for the extraction procedure. The hot water/phenol
extraction was performed from 4 liters of the strains grown in

MAY 20, 2011 +VOLUME 286+-NUMBER 20

S. meliloti Lipid A VLCFA Biosynthesis

LB/MC supplemented with the relevant antibiotics until mid-
exponential phase as earlier. After extraction, the lyophilized
water phase fractions were dissolved in deionized water at a
concentration of 10 ug/ml and then purified by ultracentrifu-
gation (100,000 X g, 8 °C) for 3.5 h. The purified LPS pellets
were then resuspended in deionized water and lyophilized.

Lipid A Analysis by MALDI-TOF MS—The LPS species iso-
lated into the aqueous phase were washed with 95% (v/v) etha-
nol at 4 °C to remove phospholipids, resuspended in water and
freeze-dried. Lipid A was released from 2 mg of LPS by mild
acid hydrolysis using 1% (v/v) HOAc. Briefly, samples (5 mg/ml
in 1% (v/v) HOAc) were hydrolyzed at 100 °C for 1 h with con-
stant stirring, freeze-dried, and extracted with Bligh-Dyer sol-
vent (2 CHCl;, 2 MeOH, 1.8 H,O; v/v/v). The organic phase was
collected, and extraction was repeated with chloroform only.
Combined organic phases were extracted back with H,O and
dried with a stream of N,. Samples were dissolved in a CHCl,/
IPA/H,O mixture (5/3/0.25; v/v/v) and were then mixed with
1:1 (v/v) of 0.5 m 2',4",6'-trihydroxyacetophenone monohy-
drate matrix in methanol, and 0.5 ul (1 ug) was spotted onto the
stainless steel target. Finally, the spectra were recorded in neg-
ative reflectron ion mode using the AB SCIEX TOF/TOF 5800
system (Applied Biosystems). All acquisitions were cali-
brated with previously described lipid A preparations (20,
21), and observed ions represent an average of the most
abundant [M — H] ions.

Quantification of the Lipid A Fatty Acids and Sugars by
GC-MS—The identity and quantity of the lipid A fatty acid
components as their trimethylsilyl fatty acid methyl esters was
determined using Tri-Sil reagent (Pierce) after methanolysis
with 2 M methanolic HCI at 80 °C for 16 h and analyzed by
combined gas chromatography-mass spectrometry (GC-MS)
(22, 23). The sugar residues were quantified by treating the
purified LPS samples with 2 M methanolic HCl at 80 °C for 16 h
in the presence of an internal standard of inositol, followed by
N-acetylation with pyridine and acetic anhydride in metha-
nol. Treatment with Tri-Sil reagent at 80 °C for 30 min
resulted in the trimethyl methyl glycoside derivatives. Prod-
ucts were dissolved in hexane and analyzed on a 30-m capil-
lary HP-1 column (Hewlett-Packard) in a 5890 Series-Trio-1
GC-MS (Hewlett-Packard).

S. meliloti-Alfalfa Interaction Experiments—Alfalfa seed-
lings were inoculated with the defined S. meliloti strains, exactly as
described previously (24). Competition assays were also per-
formed as described before (8, 25). In brief, 3-day-old alfalfa seed-
lings were inoculated with a 1:1 ratio of Rm1021 and the mutant
strain. Four weeks after the inoculation, the bacteria were
extracted and recovered on LB/MC Sm and LB/MC SmNm agar.
Because both the parent and mutant strains grow on LB/MC Sm,
whereas only the mutant strains will grow on LB/MC SmNm agar,
the percentage occupancy of each strain could be determined.

Fluorescence Microscopy of Nodule Sections—To detect the pro-
duction of plant defense fluorescent polyphenolics in the root nod-
ules, the nodules were fixed and analyzed as described previously
(25) using a Zeiss Axioskop microscope with UV excitation and
the DAPI fluorescence filter set (Filter Set 01, BP 365/12).

Salt Gradient Experiments—The ability of the different
strains to grow in the presence of a salt gradient was performed
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A Sinorhizobium meliloti Rm1021 very-long-chain fatty acid biosynthesis cluster
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B Transcriptional organization of the S. meliloti Rm1021 very-long-chain fatty acid biosynthesis cluster
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C LPS profiles of the mutants in the S. meliloti Rm1021 very-long-chain fatty acid biosynthesis cluster
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FIGURE 1.Organization of the S. meliloti acpXL-IpxXL gene cluster and analysis of cluster mutant LPS. A, the S. meliloti acpXL-IpxXL gene clusteris encoded
on the chromosome of strain Rm1021. All gene products are predicted to be involved in the biosynthesis of the lipid A VLCFA. The vertical arrows below indicate
the position of the plasmid insertions in the mutant strains. The expected sizes of the RT-PCR/PCR products (7-4) using the different primer pairs are indicated
(see “Experimental Procedures” for primers used). B, RT-PCR was performed using the primer pairs shown in A with S. melilotiRm1021 RNA. 16 S rRNA primers
were used as a positive control for the integrity of the RNA. Reactions with (+) and without reverse transcriptase (—) added are shown. For control reactions (c),
the RNA was replaced with a colony of Rm1021. C, SDS-PAGE analysis of the LPS from the indicated strains (pRF771 is a broad host range control plasmid;
pSmacpXL, pSmfabZXL, pSmfabF2XL, pSmfabF1XL, pSmadhA2XL, and pSmipxXL are wild-type versions of the disrupted genes cloned into pRF771). HMW and

-

’
|

LMW LPS species are shown.

as described previously (9), with slight modifications. Gradients
were prepared in large square culture dishes (22.5 X 22.5 cm). A
bottom layer was poured using 200 ml of LB~ N*“' agar and a top
layer of 200 ml of LB agar supplemented with 0.5 m NaCl. Late
exponential phase cultures were washed three times in LB~ N2¢!
and diluted to an Ay, of ~0.2, and then 60 ul was streaked
across the plate. After 72 h at 30 °C, the minimum salt require-
ment for growth was determined assuming a linear gradient of
NaCl across the plate.

Preparation of Monocytes and LPS Stimulation Studies—All
studies were preapproved by the institutional ethics committee.
Whole venous blood was collected from two healthy individu-
als who were not undergoing any drug therapy. The blood was
diluted 1:1 in RPMI 1640 (Sigma-Aldrich), layered onto His-
topaque-1077 (Sigma-Aldrich), and centrifuged at 800 X g for
30 min. Peripheral blood mononuclear cells were removed
from the interface and washed twice (10 min, 300 X g) in RPMI
before being counted and resuspended in growth media com-
prising RPMI 1640 supplemented with 100 units/ml penicillin,
100 pg/ml streptomycin (Invitrogen), and 10% human AB
serum (Sigma-Aldrich). Monocytes were plated at a density of
4 X 10° cells/well in 96-well plates and incubated for 90 min at
37 °C/5% CO,. Non-adherent cells were removed with two
rinses of PBS. The effect of different S. meliloti LPS prepara-
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tions were assessed by stimulating the monocytes for 6 h, and
then the supernatants were collected. An E. coli commercial
LPS preparation (0111:B4; Sigma catalog no. L4391) was used
as a positive control. E. coli and S. meliloti LPS preparations
used were 1 ug/ml in the monocyte stimulation experiments.

Assay of Human Cytokines in Culture Supernatants—The
concentrations of TNF-a and IL-10 in culture supernatant
were measured simultaneously using a human inflammatory
cytokine cytometric bead array (BD Biosciences). Samples were
analyzed on a multifluorescence BD FACSCalibur™ flow
cytometer using BD CellQuest™ software and BD™ cytomet-
ric bead array software. The assay sensitivities for both cyto-
kines were 10 pg/ml. The coefficients of variation of all cytokine
assays were less than 10%.

Statistical Analysis—The statistical significance of the data
was analyzed using Student’s ¢ test in Microsoft Excel.

RESULTS

The acpXL-lpxXL Gene Cluster Is Organized into Two
Operons—The acpXL-lpxXL gene cluster of rhizobia, including
S. meliloti Rm1021 (Fig. 1A), is predicted to consist of three
distinct transcriptional units (10, 12). To confirm the transcrip-
tional organization of this gene cluster, RT-PCR was performed
using RNA extracted from S. meliloti Rm1021. We obtained
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909- and 509-bp RT-PCR fragments using primer pairs internal
to the acpXL and fabF2XL genes and fabF2XL and fabFIXL
genes, respectively (Fig. 1, A and B), whereas in the absence of
reverse transcriptase, no PCR products were observed with any
primer pairs (Fig. 1B). In addition, no RT-PCR fragment was
observed using S. meliloti RNA in combination with primers
internal to the fabFIXL and adhA2XL genes, indicating that
these two genes are not co-transcribed (Fig. 1, A and B). There-
fore, these findings show that in S. meliloti Rm1021, the acpXL,
fabZXL, fabF2XL, and fabF1XL genes form part of the same
transcriptional unit. Because the RT-PCR using primers inter-
nal to the adhA2XL and lpxXL genes yielded a fragment of 477
bp, this confirmed that the adhA2XL and lpxXL genes consti-
tute the second transcriptional unit in the proposed lipid A
VLCFA biosynthesis gene cluster (Fig. 1, A and B).

The Cluster Mutants Lack High Molecular Weight LPS—The
six genes in the S. meliloti acpXL-lpxXL gene cluster are
hypothesized to encode proteins involved in the biosynthesis of
the VLCFA-modified lipid A (10). To investigate whether the
other four genes in the acpXL-lpxXL cluster are also involved
in LPS biosynthesis, we constructed S.meliloti insertional
mutants in the fabZXL, fabF2XL, fabF1XL, and adhA2XL genes
(Fig. 1A). Previously, an S. meliloti acpXL mutant was found to
lack high molecular weight (HMW) LPS species (10). SDS lysis
followed by SDS-PAGE/periodate-silver staining also deter-
mined that, unlike the parent strain, which produced both
HMW and low molecular weight (LMW) LPS species, the clus-
ter mutant strains only produced LMW LPS species (Fig. 1C).
Hence, these analyses showed that all of the mutants in the
acpXL-lpxXL gene cluster have LPS structural alterations rela-
tive to the parent strain and lack the ability to synthesize HM'W
LPS.

To confirm that the disrupted genes are responsible for the
absence of HMW LPS in the mutant strains, the wild-type ver-
sions of these genes were cloned into the broad host range vec-
tor pRF771 under control of the constitutively active ¢rp pro-
moter (18) and then mated into the appropriate mutant strain.
The LPSs of these strains were then analyzed by SDS-lysis
followed by SDS-PAGE/periodate-silver staining (Fig. 1C).
We found that the complementing plasmids, but not the
control plasmid (pRF771), restored the ability of the mutant
strains to produce HMW LPS (Fig. 1C), confirming that the
disrupted genes alone were responsible for the LPS struc-
tural alterations in the mutant strains. Therefore, the
fabZXL, fabF2XL, fabF1XL, and adhA2XL gene products, like
the acpXL and IpxXL gene products, are involved in S. meliloti
LPS biosynthesis.

The Cluster Mutants Have Defects in Lipid A VLCFA
Biosynthesis—To determine whether all the acpXL-lpxXL clus-
ter gene products (Fig. 1A4) are involved in the biosynthesis of
VLCFA-modified lipid A, the LPS species from the four cluster
mutants were isolated by hot water/phenol. The lipid A species
in the aqueous phases were then purified from the rest of the
LPS molecule by mild acid hydrolysis and analyzed by MALDI-
TOF MS (Fig. 2). As controls, the lipid A species produced by
the S. meliloti acpXL insertional mutant and parent strain were
also analyzed (Fig. 2, A and B, respectively). We found that the
S. meliloti parent strain produced four major VLCFA-modified
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lipid A species, two of which are penta-acylated (Figs. 2B and 3,
structures A and B) and two of which are tetra-acylated (Figs. 2B
and 3, structures A' and B'). As observed previously (9), the
S. meliloti acpXL mutant completely lacked VLCFA-modified
lipid A species and produced a mixture of penta-, tetra-, and
triacylated lipid A species (Figs. 24 and 3, structures D, C,and E,
respectively). We found that the S. meliloti fabF2XL, fabF1XL,
and adhA2XL insertional mutants also completely lacked
VLCFA-modified lipid A species (Fig. 2, C, D, and E, respec-
tively) and produced the same three lipid A species (Fig. 3,
structures D, C, and E) as the S. meliloti acpXL insertional
mutant (Fig. 2A4). In contrast, MALDI-TOF MS analysis of the
S. meliloti fabZXL mutant lipid A sample showed that it con-
tained a mixture of lipid A species with (Figs. 2F and 3, struc-
tures A, A’, B, and B’) and without the VLCFA modification
(Figs. 2F and 3, structures D, C, and E). Therefore, this analysis
showed that all of the mutants in the S. meliloti acpXL-lpxXL
gene cluster have defects in the biosynthesis of VLCFA-modi-
fied lipid A.

To confirm that the disrupted genes are responsible for the
absence/decrease of the VLCFA-modified lipid A in the cluster
mutants, the lipid A species of the mutants with the respective
wild-type copy of the disrupted gene cloned into pRF771 were
also analyzed by MALDI-TOF MS (Fig. 2, C-F). We found that,
with the exception of the S. meliloti fabF2XL mutant (Fig. 2C),
the lipid A alterations of the cluster mutants were restored by
the presence of the respective complementing plasmids (Fig. 2,
D-F). This showed that disruption of fabFI1XL, fabZXL, or
adhA2XL in the mutant strains was responsible for their lipid A
phenotypes. In the case of the S. meliloti fabF2XL mutant with
pSmfabF2XL, we only found partial complementation of its
lipid A alteration relative to the parent strain (Fig. 2, compare C
and B). However, because partial complementation was ob-
served, this finding confirmed that FabF2XL is involved in the
biosynthesis of VLCFA-modified lipid A.

The S. meliloti fabZ XL Mutant Is Substantially Reduced in Its
Ability to Produce VLCFA-modified Lipid A—T o determine the
precise changes in the lipid A fatty acid content of the mutant
strains relative to the parent strain, we used GC-MS (Table 3).
Consistent with the MALDI-TOF MS findings, GC-MS analy-
sis of the lipid A fatty acids showed that the S. meliloti fabF2XL,
fabFIXL, and adhA2XL insertional mutants completely lack
270H-C28:0 and 290H-C30:0. Therefore, the fabF2XL,
fabFI1XL,and adhA2XL gene products play essential roles in the
biosynthesis of the VLCFA-modified lipid A in S. meliloti. The
VLCFA content of the S. meliloti fabFIXL and adhA2XL
mutant lipid A was also fully restored by the respective comple-
menting plasmid (Table 3). In contrast, although the 290H-
C30:0 level was fully restored in the S. meliloti fabF2XL mutant
by pSmfabF2XL, the 270H-C28:0 level amount was only par-
tially restored by this plasmid, and 250H-C26:0 was detected in
this sample (Table 3). This finding confirms that we were only
partially able to complement the lipid A alteration in this
mutant strain. We also found that the S. meliloti fabZXL inser-
tional mutant lipid A contained substantially reduced amounts
of 270H-C28:0 and 290H-C30:0 fatty acids relative to the par-
ent strain (Table 3). Interestingly, the lipid A of this mutant
strain contained increased amounts of 290HC30:0 compared
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FIGURE 3. Proposed lipid A structures produced by the S. meliloti parent strain and acpXL-IpxXL cluster mutants. Structures A, A’, B, and B’ contain a
VLCFA modification, whereas structures C-E lack VLCFAs. Structure D lacks the VLCFA modification but is still penta-acylated due to the addition of a non-

hydroxylated fatty acid. The example shown contains C16:0, but based on our GC-MS analysis (Table 3), this could also be replaced by a C18:0 or C18:1.

with 270OHC28:0 and also contained trace amounts of 250H-
C26:0, which was absent in the parent strain lipid A preparation
(Table 3). Because the plasmid, pSmfabZXL, restored the lipid
A VLCFA content of the S. meliloti fabZ XL mutant to that of
the parent strain, these data showed that the fabZXL gene prod-
uct, although not essential, plays an important role in the bio-
synthesis of VLCFA-modified lipid A in S. meliloti.

The lipid A preparation of the S. meliloti parent strain con-
tains mainly hydroxylated fatty acids, with only trace or minor

amounts of non-hydroxylated fatty acids (Table 3). We showed
previously that the lipid A of the S. meliloti acpXL mutant has
elevated amounts of non-hydroxylated fatty acids because it
can transfer a non-hydroxylated shorter chain fatty acid onto
the lipid A in the absence of the VLCFA to create a penta-
acylated lipid A species (9) (Fig. 3, structure D). Our analysis
found that the lipid A samples from the S. meliloti fabF2XL,
fabFIXL, fabZXL, and adhA2XL mutant strains contained ele-
vated amounts of non-hydroxylated lipid A fatty acids relative

FIGURE 2. The S. meliloti acpXL-IpxXL cluster mutants have alterations in their lipid A biosynthesis. Shown is MALDI-TOF MS of the lipid A species
produced by each strain (acpXL (A), Rm1021 (B), fabF2XL without and with pSmfabF2XL (C), fabF1XL without and with pSmfabF1XL (D), adhA2XL without and
with pSmadhA2XL (E), and fabZXL without and with pSmfabZXL (F)). The capital letters indicate the major lipid A species (see Fig. 3 for structures) in each sample
(pSmacpXL, pSmfabZXL, pSmfabF2XL, pSmfabF1XL, pSmadhA2XL, and pSmipxXL are wild-type versions of the disrupted genes in the mutant strains cloned into

PRF771).
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TABLE 3
Fatty acid composition of the mutants in the acpXL-IpxXL cluster

EI/MS detector response (percentage of area)”

fabZXL + fabF2XL + fabFIXL + adhA2XL +
Fatty acyl residue Rm1021 acpXL fabZXL pSmfabZXL fabF2XL pSmfabF2XL fabFIXL pSmfabFIXL adhA2XL pSmadhA2XL

VLCFA

270H-C28:0 25.6 ND TR 25.2 ND 8.5 ND 29.9 ND 37.8

290H-C30:0 5.4 ND 1.7 7.3 ND 9.7 ND 6.0 ND 4.8

250H-C26:0 ND ND TR ND ND 15 ND ND ND ND
Non-hydroxylated fatty acids

C18:1 TR 17.5 13.3 3.1 19.9 7.1 17.0 3.3 30.2 10.3

C16:0 ND 4.0 2.0 ND 3.7 TR 2.2 ND 3.7 TR

C18:0 2.0 4.8 6.7 TR 7.5 3.4 9.1 2.2 10.0 2.7
Hydroxylated fatty acids

30H-C14:0 21.7 34.7 329 222 29.5 25.6 34.7 232 14.9 17.9

30H-C16:0 11.3 6.8 6.6 5.5 6.4 7.6 7.3 5.1 5.7 3.8

30H-C18:0 28.8 28.8 332 30.9 30.0 31.0 27.7 27.1 31.7 19.2

30H-C18:1 5.2 3.4 3.6 5.9 3.0 5.5 2.2 3.3 3.8 3.6

“ND, not detected; TR, trace amount detected (not included in the area percentage calculation); 30H-C17:0 and 30H-C19:1 were found in trace amounts or not detected in

all samples.

to the parent strain (Table 3). In all cases, the increase in non-
hydroxylated fatty acids in the mutant strains was reduced by
the respective complementing plasmid (Table 3). Conse-
quently, these findings confirmed our MALDI-TOF MS results
and showed that in the absence of either FabF2XL, FabF1XL,
FabZXL, or AdhA2XL, S. meliloti mutants can transfer a non-
hydroxylated shorter chain fatty acid onto the lipid A to create
a penta-acylated lipid A species (see Fig. 3, structure D). In con-
trast to the non-hydroxylated fatty acids, we did not observe
any substantial differences in the amount of 3-hydroxylated
lipid A fatty acids in the cluster mutant strains relative to the
parent strain (Table 3).

Cluster Mutants Do Not Have Alterations in Their LPS Sugar
Composition—In bacterial species lacking VLCFA-modified
LPS, the LMW and HMW LPS bands observed by SDS-PAGE
are defined as rough and smooth LPS, respectively (26). Smooth
LPS is the complete LPS consisting of O-antigen, core, and lipid
A, whereas rough LPS lacks the O-antigen. It was shown previ-
ously that the S. meliloti acpXL insertional mutant, which lacks
HMW LPS species, did not have a significant difference in its
sugar composition relative to the parent strain to account for
loss of the O-antigen subunit (10). Therefore, it was proposed
thatin S. meliloti, HMW LPS species are polymerized LPS mol-
ecules containing the VLCFA modification. To confirm that
this was also the case with other cluster mutants, we analyzed
the sugar composition of the purified aqueous phase LPS
extracted from the S. meliloti [pxXL and adhA2XL insertional
mutants by GC-MS. However, we found no significant differ-
ence in the sugar composition of the S. meliloti [pxXL and
adhA2XL insertional mutant LPS relative to the parent strain
LPS (data not shown). This provides further support that the
absence of HMW LPS in the S. meliloti cluster mutants is not
due to the absence of the O-antigen subunit.

The Cluster Mutants Have Reduced Alfalfa Competitiveness
and a Minimum Salt Requirement for Growth—S. meliloti
acpXL and [pxXL insertional mutants are symbiotically compe-
tent with alfalfa but have a reduced competitiveness in infecting
legume nodules relative to the parent strain (9, 10). We also
found that all of the other S.meliloti acpXL-lpxXL cluster
mutants were able to nodulate alfalfa and support plant growth
to a similar extent as the parent strain after a 4-week growth
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TABLE 4
Competitiveness of the mutants in the acpXL-IpxXL cluster

Amount of each mutant strain within
the nodules (percentage of total
bacteria within the nodules)”

S. meliloti mutant
strain used in the
competition assay”

Class I nodules Class II nodules

% %
acpXL 3.3+ 8.5 (n=16) 53.3(n=1)
fabZXL 59+ 9.6 (n = 22) 92.9 = 10.1 (n = 2)
fabF2XL 3.9+ 9.0 (n = 18) 85.2 = 15.5 (n = 6)
fabFIXL 6.1 =11.4 (n =21) 94.1 =10.3 (n = 3)
adhA2XL 31+9.1(n=21) 90.3 = 13.1 (n = 3)

“ The mutant and parent strains were inoculated onto alfalfa seedlings in a 1:1
ratio.

> The nodules analyzed fell into two classes, Class I and Class II nodules, which
were infected primarily by either the parent or mutant strains, respectively. The
data sets shown are average values from the defined number of nodules (#).

period (data not shown), showing that these gene products are
not essential for the S. meliloti-legume symbiosis. To investi-
gate whether the other cluster mutants were also reduced in
their alfalfa competitiveness relative to the parent strain, alfalfa
seedlings were co-inoculated with the parent and individual
mutant strains in a 1:1 ratio. Because the mutant strains contain
a neomycin resistance cassette, the percentage of each mutant
strain relative to the total number of bacteria within each nod-
ule was determined (Table 4). We found, consistent with pre-
vious observations for the S. meliloti [pxXL mutant (9), that the
nodules could be subdivided into two distinct classes, Class I
and Class II, which were primarily infected by either the parent
or the mutant strains, respectively (Table 4). Because the
majority of nodules were Class I and the mutant bacteria only
represented a small percentage of the total bacterial population
within these nodules (Table 4, Class I nodules), these findings
showed that the mutant strains were all reduced in their alfalfa
competitiveness relative to the parent strain. Within the Class
I nodules, we observed no significant difference in the ability
of the different mutant strains to infect these nodules rela-
tive to each other. In contrast, small differences were
observed in the number of Class Il nodules (Table 4) found in
the competition experiments with different mutant strains.
However, because the number of Class II nodules is so low,
no significant conclusions could be drawn on whether the
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FIGURE 4. The S. meliloti acpXL-IpxXL mutants have a minimum salt requirement for growth, and their LPS is lessimmunogenic than the parent strain
LPS. A, the S. meliloti parent strain with the control plasmid (pRF771) or the mutant strains with either pRF771 or the respective complementing plasmid were
streaked onto a gradient of LB~ N2“' supplemented with NaCl ranging from 0 to 500 mm. The minimum salt concentration for growth was determined assuming
alinear salt gradient across the agar. The absence of a bar indicates that the strain grows in the absence of sodium chloride. B and C, human monocytes from
two individuals were exposed to 1 ug/ml purified LPS from the defined strains, and then the amount of TNF-« (B) and IL-10 (C) in the supernatant was
determined after 6 h of incubation. The cytokine amounts shown are expressed as a percentage of the cytokine induction by E. coli LPS, which induced TNF-«
and IL-10 levels from human monocytes of 973.2 = 73.0 and 228.1 = 34.3 pg/ml for individual 1 (filled bars) and 2241.3 = 216.4 and 291.6 = 27.5 pg/ml for
individual 2 (open bars), respectively. The significance values (***, p < 0.001; **, p < 0.01; *, p =< 0.05) represent comparisons of the individual LPS responses
induced by the mutant strains relative to the S. meliloti parent strain. D, the autofluorescence of plant defense polyphenolics in alfalfa nodules infected with the
designated strains was determined using fluorescent microscopy. The nodules from five different alfalfa plants for each strain were analyzed, and represen-
tative nodules images are shown. Scale bars, Rm1021, acpXL, and IpxXL (2 mm) and msbA2 (1 mm). Error bars, S.D.

acpXL-IlpxXL cluster mutant strains have slight differences mented the minimum salt requirement growth phenotype of
in their alfalfa competitiveness. the S. meliloti fabF2XL mutant (Fig. 4A4). We also determined
S. meliloti mutants lacking the lipid A VLCFA are known to  that the S. meliloti [pxXL mutant has the highest salt require-
be sensitive to high osmolarity relative to the parent strain (9). ment for growth among the cluster mutants (Fig. 44).
We also found that the S. meliloti fabF2XL, fabFI1XL, fabZXL, The VLCFA Modification Does Not Suppress the Immunoge-
and adhA2XL mutants have slightly increased sensitivities to  nicity of S. meliloti LPS or Affect the Production of Fluorescent
hyperosmotic salt stress relative to the parent strain (data not Plant Defense Polyphenolics—The LPS of rhizobia, including
shown). However, more significantly, we found that unlike the  S. meliloti, are substantially reduced in their ability to induce
parent strain, all of the cluster mutants have a minimum salt  cytokine production from human monocytes relative to E. coli
requirement for growth and that this, with the exception of the  LPS (27). Because E. coli LPS lacks VLCFA modifications (6),
S. meliloti fabF2XL mutant with pSmfabF2XL, is overcome by  one possibility is that the VLCFA modification is important to
the presence of the respective complementing plasmid (Fig. prevent S. meliloti LPS-induced activation of human mono-
4A). Consistent with our biochemical characterization of the cytes. Likewise, it was previously hypothesized that the VLCFA
lipid A, we found that pSmfabF2XL only partially comple- modification isimportant to suppress the induction of the plant
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defense response during S. meliloti infection of the legume root
nodules (9, 10). To investigate the effect of the VLCFA modifi-
cation on the immunogenicity of S. meliloti LPS, we analyzed
the ability of purified LPS from the S. meliloti acpXL, adhA2XL,
and [pxXL mutant strains to induce human monocytes to pro-
duce cytokines relative to purified LPS from the S. meliloti par-
ent strain and an E. coli commercial LPS preparation (Fig. 4, B
and C). We found that the S. meliloti parent strain LPS was
substantially reduced in its ability to induce both TNF-a and
IL-10 cytokines from human monocytes relative to E. coli LPS
(Fig. 4, B and C, respectively). However, we determined that the
LPS species produced by the VLCFA biosynthesis cluster
mutants, which completely lack the VLCFA modification, were
even more reduced in their ability to induce cytokine produc-
tion from human monocytes relative to the parent strain (Fig. 4,
B and Q). In fact, no cytokine induction was observed with LPS
from the [pxXL mutant. Consequently, these findings show that
the lipid A VLCFA modification is not suppressing the activa-
tion of human monocytes by S. meliloti LPS but is required for
the activation process.

As an initial means to investigate the effect of the lipid A
VLCFA on the plant defense response, we analyzed the produc-
tion of autofluorescent plant defense polyphenolics produced
in the root nodules after infection with different S. meliloti
strains using microscopy (25). Using this methodology, we
observed a clear induction of root nodule autofluorescent
defense molecules with an S. meliloti msbA2 insertional mutant
(Fig. 4D), which was previously shown to induce this response
(25). In contrast, we did not observe any significant reproduci-
ble difference in root nodule autofluorescence after infection
with either the S. meliloti acpXL and [pxXL insertional mutants
relative to the parent strain (Fig. 4D). Therefore, the S. meliloti
acpXL and IpxXL genes are not required to suppress the induc-
tion of root nodule autofluorescent defense molecules in alfalfa.

DISCUSSION

Why Is the Cluster FabZXL Gene Not Essential for Lipid A
VLCFA Biosynthesis?—In this study, we identified three novel
genes, fabF1XL, fabZXL, and adhA2XL, which are involved in
the biosynthesis of VLCFA-modified lipid A in S. meliloti. In
addition, we determined that that the fabZXL gene product is
important but not essential for this process. Another putative
fabZ gene is annotated in the S. meliloti Rm1021 genome (28).
We determined that this putative fabZ encodes a protein with
47% similarity (26% identity) to the cluster FabZXL protein.
The fabZ gene is located on the S. meliloti chromosome in a
separate gene region predicted to be involved in lipid A biosyn-
thesis (6, 28). This region also contains the gene encoding
LpxA, which is one of the most conserved genes in lipid A bio-
synthesis (6, 28). Therefore, the possibility exists that this sec-
ond putative FabZ protein is able to partially compensate for
the absence of the cluster FabZXL protein in the biosynthesis of
VLCFA-modified lipid A. E. coli FabZ is involved in the dehy-
dration of short-chain hydroxyacyl-acyl carrier proteins
(hydroxyacyl-ACPs) (29). However, the VLCFA-containing
lipid A in the fabZXL mutant contains greater levels of 290H-
C30:0 than 270H-C28:0 and also detectable levels of 250H-
C26:0. Therefore, this suggests that the second potential FabZ
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dehydratase may have broader chain length specificity and
dehydrate both short- and long-chain lipid A fatty acids. The
appearance of trace amounts of 250H-C26:0 in the S. meliloti
fabZXL mutant but not in the parent strain also suggests that
the second potential FabZ protein is less effective at dehydrat-
ing longer chain hydroxyacyl-ACPs than the cluster FabZXL
protein, leading to the accumulation of this slightly shorter
VLCFA.

Why Did We Only Observe Partial Complementation of the
S. meliloti fabF2XL Mutant?—We found that, as in R. legumi-
nosarum (12), the S. meliloti FabF2XL protein is essential for
the biosynthesis of VLCFA-modified lipid A in S. meliloti.
However, we were unable to fully complement the lipid A alter-
ation of this mutant strain. Because the fabF2XL gene is the
third gene in a four-gene operon (Fig. 1A4), the plasmid insertion
may be exerting a polar effect on the downstream fabFIXL
gene. Therefore, full complementation of this mutant strain
might require both the plasmid-encoded fabF2XL and fabFI1XL
genes. However, because we did not experience complementa-
tion problems with any of the other cluster insertional mutants,
this suggests that a promoter on the plasmid used for the inser-
tional mutagenesis can drive transcription of the downstream
genes. Another possibility to account for our inability to fully
complement the lipid A alteration of the S. meliloti fabF2XL
might be that the level of FabF2XL is critical for the proper
biosynthesis of the VLCFA-modified lipid A and that the plas-
mid-encoded fabF2XL gene did not enable the correct expres-
sion level of this protein. Both the FabF1XL and FabF2XL pro-
teins are predicted to encode 3-oxo-ACP synthases, which
catalyze the reaction of the acyl-ACP with malonyl-ACP to pro-
duce a 3-oxoacyl-ACP (10). Therefore, if both of these proteins
have different preferences for the chain length of the acyl-ACP,
changing the levels of FabF2XL might affect the biosynthesis of
VLCFA-modified lipid A. However, we found that the plasmid-
encoded fabFIXL gene fully complemented the lipid A altera-
tion of the S. meliloti fabF1XL mutant, suggesting this was not
the case with FabF1XL. As observed in the S. meliloti fabZXL
mutant, we also detected small amounts of 250H-C26:0 in the
S. meliloti fabF2XL mutant with pSmfabF2XL. Because this
fatty acid is not normally found in the parent strain LPS, this
suggests that too much FabF2XL might also lead to an imbal-
ance in synthesis, leading to the accumulation of 250H-C26:0.

Why Is the VLCFA Biosynthesis Cluster Important for Nodule
Colonization?—We determined that the fabF2XL, fabF1XL,
fabZXL, and adhA2XL gene products enhanced the competi-
tiveness of S. meliloti within alfalfa nodules. Although we did
observe a small number of nodules where the mutant strains
out-competed the parent strain, it is likely that this is due to
variability in the plant response because the alfalfa seedlings
are not clonal. Upon entry into the root nodules, S. meliloti
encounters a number of different stresses within the symbio-
some compartment, including low oxygen, acidic pH, osmotic
changes, and nodule-specific cysteine-rich peptides (1). Based
on our salt growth assay, we discovered that the VLCFA-mod-
ified lipid A is critical for growth of S. meliloti in the absence of
sodium chloride. Because low levels of cations can help stabilize
interactions between different LPS species (6), these findings
provide further evidence that the VLCFA modification plays a
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key role in outer membrane stability, enabling S. meliloti to
grow in the absence of salt-LPS stabilizing conditions. We
found previously that, unlike the other cluster mutants, the
S. meliloti [pxXL mutant is unable to synthesize penta-acylated
lipid A (9). Because the S. meliloti [pxXL mutant has the great-
est salt requirement for growth of the cluster mutants, this sug-
gests that the inability of this mutant to synthesize penta-acy-
lated lipid A dramatically decreases the stability of its outer
membrane relative to the other mutants. Therefore, the
reduced competitiveness of the cluster mutants in legume col-
onization might just arise through an increased sensitivity to
symbiosome-encountered stresses relative to the parent strain
due to weakened outer membranes.

It was hypothesized previously that the VLCFA might affect
the ability of rhizobia to suppress the plant defense response
upon entry into the plant cell (9, 10, 30, 31). However, we
observed no substantial increase in the production of autofluo-
rescent plant defense polyphenolics in the root nodules of
alfalfa after infection with either the S. meliloti acpXL or lpxXL
mutants. Because we showed previously that LpxXL is essential
for the biosynthesis of S. meliloti bacteroid VLCFA-modified
lipid A (5), these findings provide evidence that the lipid A
VLCFA is not essential to suppress the plant defense response
upon infection of S. meliloti. This finding is consistent with a
previous study whereby the purified LPS from an S. meliloti
acpXL mutant was as effective as the parent strain LPS in sup-
pressing an artificially induced oxidative burst in Medicago
truncatula and alfalfa tissue culture systems (32). However, we
cannot rule out at this stage the possibility that the altered lipid
A structures in our VLCFA biosynthesis mutants have more
subtle effects on the legume defense response relative to the
parent strain, which could not be detected using this experi-
mental approach.

Why Is the Cluster Mutant LPS Less Immunogenic than the
Parent Strain LPS?—It is well established that the VLCFA-
modified LPS species produced by rhizobia are less immuno-
genic than E. coli LPS, which lack these modifications (27, 33).
The VLCFA-modified LPS of Rhizobium sin-1 also antagonizes
the ability of E. coli LPS to induce monocytes to produce cyto-
kines, and using a chemical synthesis approach, the VLCFA
modification was shown to be important for the antagonist
activity of synthetic lipid A (33, 34). In this study, we found that
purified S. meliloti LPS from the cluster mutants, which com-
pletely lacks the VLCFA, was reduced or unable to induce
human monocytes to produce cytokines relative to the VLCFA-
modified LPS of the parent strain. Therefore, this finding dem-
onstrates that the low immunogenicity of S. meliloti LPS rela-
tive to E. coli LPS is not due to the presence of VLCFAs. The
bacterial lipid A component of the LPS is recognized by mono-
cytes via Toll-like receptor 4 (TLR4) (35). E. coli lipid A is hexa-
acylated whereas S. meliloti LPS is penta- and tetra-acylated (6).
Consequently, the differences in the ability of S. meliloti and
E. coli LPS to induce cytokine production from monocytes
might be due to differences in the degree of acylation of their
LPS affecting their interaction with TLR4. This could also
account for why the LPS species of the cluster mutants are less
immunogenic than the S. meliloti parent strain LPS because a
proportion of their LPS species are only triacylated. This could
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also explain the results obtained with LPS from the [pxXL
mutant because, unlike the LPS from the other mutant strains,
it does not contain any penta-acylated lipid A species (9). In
addition, the LPS from the cluster mutants might be less effec-
tive than the parent strain LPS because the VLCFA modifica-
tion may aid the interaction with the Toll-like receptors.
Because we found that the cluster mutant LPS lacks HMW
species, HMW LPS might also be better at inducing monocyte
cytokine production relative to LMW LPS. However, further
studies would need to be performed to determine how the dif-
ferent lipid A species are recognized by the human monocyte
receptors.

In conclusion, this study, combined with previous work (9,
10), has found that all of the genes in the S. meliloti acpXL-
IpxXL cluster are involved in the biosynthesis of VLCFA-mod-
ified LPS. Other rhizobia and Brucella species, which form pro-
longed mammalian infections, also produce VLCFA-modified
LPS and have an acpXL-lpxXL gene cluster (7). Therefore, these
studies will provide important insights into the role of this
unusual bacterial lipid modification in both plant and mamma-
lian infections.
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