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Figure 27: The relative amount of expression of pixA and pixB in
hemolymph. Relative expression of pixB (A,C) is greater than that of pixA (B,D) at both 24
hour (A,B) and 48 hours post inoculation (C,D).
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Figure 28: X. nematophila Mean Fluorescent Intensity of 24 and 48 hour
cells grown in insect hemolymph. pixB expression (light columns) is 2X that
of pixA (dark columns) at24 hours and 3.5X thatof pixA at 48 hours.
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Chapter 5

Discussion

Neither pixA nor pixB is present in every species of Xenorhabdus which indicate the
proteins are not essential to the survival of the bacterium. Those Xenorhabdus species
which contain a pix gene are not isolated to a particular clade nor is the gene restricted to a
specific genomic location which suggests the possibility of incorporation via horizontal
gene transfer (HGT). Evidence for HGT is further supported based on genomic analysis and
phylogenetic results illustrating branches of PixB homologs from multiple
classes. Phylogenetic results also indicate that the Xenorhabdus PixB species is the most
recent evolutionary ancestor of PixA. Those organisms in which a PixB homolog has been
identified are most representative of soil dwelling and clinical microbes. HGT between
clinical pathogens and soil dwelling microbes has been described previously (Forsberg et
al,, 2012).

PixA and PixB of X. nematophila share a 30% identity, however, the PixA found in
some species contains a higher identity to the PixB sequence of other species than to other
PixA homologs. Moreover, secondary structure alignments predict the proteins share
similar folding. The widespread occurrence of PixB across classes coupled with the
identification of now two homologous variants suggests pixB represents a family of
proteins of which pixA and pixC appear to be subfamily paralogs. The LD of the PixB motif
in PixB homologs was found to be rich in serine and threonine while in PixA richness favors
methionine and in PixC glycine is favored.

The significance of the LD and richness of (S/T) residues in the PixB motif is unclear.
However, natural linker domains act as spacers between two functionally distinct domains
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and are typically enriched with serine, glycine, threonine, and alanine (Reddy Chichili et al.,
2013). Serine rich protein domains in proteobacteria have been described and found to be
involved in carbohydrate binding and degradation. Characteristic of these proteins is a
polyserine linker domain that separates a catalytic and binding domain. The secondary
structure of this region is predicted to form an extended flexible loop, the PixA and PixC LD
secondary structure predictions also show this region to form a loop. Like in PixA and PixC,
the length of this region is variable, depending on the number of enriched residues present,
creating a “flexible spacer” which has been postulated to enhance the targeting of
substrates when associated to the outer membrane (Howard et al., 2004).

The LD of PixA variants is enriched with methionine and is relatively more variable
in length depending on the degree of enrichment. Coupled with the degradation of
CD1/CD2 consensus, it is unclear whether PixA is the result of functional divergence or
functional adaptation favorable for maintenance within Xenorhabdus. PixA may play a role
as a nutritional storage protein with residue variability tuned to the nutritional
requirements of the bacterium's nematode host. Photorhabdus is a close relative to
Xenorhabdus that also produces a methionine rich inclusion protein CipA. Previous
nematode feeding experiments with CipA have demonstrated that the presence or absence
of the protein influences the development of the nematode (You et al., 2006). SDS-PAGE
results seem to show a subjective increase in one Pix protein when the other ceases to be
expressed. If the Pix proteins are functioning as a nutritional storage protein the loss of
one protein may result in increased availability of nutrients to be sequestered by the

remaining protein resulting in increased accumulation.
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PixC has a LD with variable polyglycine enhancement with good conservation about
CD1 and CD2. Like PixA the LD in PixC is expanded to varying degrees depending on the
amount of glycine incorporation. Glycine rich repeat domains have been described in
various secreted virulence factors including the phage GP38 adhesins (Trojet et al,
2011). Present in Mycobacterium tuberculosis are PE_PGRS genes encoding RTX toxins with
C-terminal glycine rich repeat sequences (GGxGx(D/N)xUx). This repeat sequence closely
resembles the glycine rich LD sequences found in PixC. These proteins are described as
calcium binding beta-roll or beta-helix structures that are thought to function in evasion of
host immune responses (Bachhawat and Singh, 2007).

Nematode killing experiments performed with the PixB homolog AidA demonstrate
that the protein plays a role in bacterial accumulation within the nematode gut resulting in
nematicidal activity on NGM media (Huber et al., 2004), however the exact mechanism of
accumulation is unclear. The PixC variants identified were sequenced from organisms that
have also been found associated with nematodes. However, it is unclear if PixC plays a role
in this association. When the AidA nematode experiment was performed with E. coli
containing the XNC1 PixB expression vector, no significant differences were noted on NGM,
indeed in all circumstances the nematodes could grow and reproduce normally. It may be
that PixB needs to be exported to produce this nematicidal effect and E. coli simply does not
naturally possess the proper mechanisms to accomplish this task.

AidA, mannose-fucose binding lectin LecM, and the quorum quenching AidC protein
are co-expressed in Ralstonia. These factors contribute to improved virulence while the
lecM mutant results in deficient biofilm formation (Meng et al., 2015). The identification of

a possible eukaryotic PixB homolog was striking both in the type of organism, one which is
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pathogenic and associates with hemolymph, and in its identification as a mannose
transferase protein. It is also interesting that the predicted omega cleavage site is
immediately adjacent to CD2. It may be that PixB is anchored to the membrane with an
analogous prokaryotic mechanism. Several PixB homologs annotated as “DNA dependent
RNA polymerases” were also identified. RNAP have also been found to associate with cell
membranes (Ding and Winkler, 1990).

Ultrathin sections of Xenorhabdus cultured in different types of media reveal curious
changes in membrane structure along with a subjective decrease in organized inclusions
and possibly the complete loss of inclusions once in vivo conditions are met. These results
suggest that in vitro expression and accumulation may be the result of ‘confused regulation’
in the presence of non-endogenous growth conditions. The majority of cells cultured in LB
appeared to contain well defined inclusion bodies while those cells cultured in GM seemed
to contain very few diffuse inclusions. LB is a complex medium while GM is a defined
medium containing various salts, amino acids, sugars, vitamins and organic acids designed
to mimic insect hemolymph. In hemolymph the protein may be effectively exported from
within the cell thereby resulting in the loss of inclusion bodies.

Viability analysis indicates increased cellular viability in the absence of pixB
expression when cultured in LB but not when cultured in GM. Moreover, expression data
indicates higher levels of expression in GM than LB, which is consistent with FACS data
indicating higher levels of cellular pixB expression. If PixB is detrimental to cell survival, the
greater levels of expression occurring in GM might lead one to expect at least comparable
viability results. The decrease in viability during LB culture may be due to a toxic

intercellular build up of protein that might otherwise be secreted in GM culture conditions.
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The higher levels of pixB expression are most probably a result of a strong sigma 70
promoter and lower percentage of G/C content (13.3%) in the +8 to -82 region compared
to pixA (26.7%).

The current function of PixB is unclear but it may be involved in adhesion and/or
biofilm formation, possibly via a sugar binding property that may contribute to an
organism's virulence in vivo and/or ability to associate with a nematode host that could
transport the organism to sources of fresh nutrients. Future localization studies of in vivo
cultures will need to be conducted to ascertain whether PixB is naturally exported,

associating with hemolymph cells and/or involved in biofilm formation.
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Appendix D:

Table S4: Identified homologous PixB proteins from NCBI BLAST results

Notes/NCBI
Annotations “-”
(CDh1=
% GDXXRWRXX(S/
% | Simil T)CD2 =
Genus Species Strain ACCESSION # ID |arity [E-value [G(Y/C)XXWDP)
10 3.00E-
1 Xenorhabdus nematophila Anatoliense |CEE93243 0 |100 (130 PixB
10 3.00E-
2 Xenorhabdus nematophila ANG6 CEK23445 0 |100 (130 PixB
2.00E-
3 Xenorhabdus nematophila Websteri CEF30909 99 1100 (85 PixB
1.00E-
4 Xenorhabdus nematophila F1 CCW32634 89 192 112 PixB
5.00E- |PixB CD2 (G to
5 Xenorhabdus cabanillasii JM26 CDL86734 57 |69 59 A)
kraussei 1.00E- |PixB CD1 (Rto
6 Xenorhabdus bovienii Quebec CDH22132 40 (55 32 H)
8.00E- |PixB CD2 (W to
7 Xenorhabdus bovienii Intermedium [CDH31982 32 |55 30 M)
True PixA,
partial
conservation of
CD1 (WtoF,Rto
kraussei 4.00E- [N)and CD2 (W
8 Xenorhabdus bovienii Quebec CDH21217 36 |53 28 to], D to E)
True PixA,
partial
conservation of
CD1 (WtoF,Rto
4.00E- [N)and CD2 (W
9 Xenorhabdus bovienii Intermedium [CDH34691 36 |53 28 tol, Dto E)
True PixA,
partial
conservation of
CD1 (WtoF,Rto
5.00E- |N)and CD2 (W
10 Xenorhabdus bovienii feltiae France |CDG87156 36 |53 28 tol, Dto E)
True PixA,
partial
conservation of
CD1 (WtoF,Rto
5.00E- |N)and CD2 (W
11 Xenorhabdus bovienii feltiae Florida |CDG94507 36 |53 28 tol,Dto E)
True PixA,
partial
conservation of
CD1 (WtoF,Rto
9.00E- |N)and CD2 (W
12 Xenorhabdus bovienii puntauvense |CDG95144 36 |52 28 tol, Dto E)
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"PixA" CD1 (G to

N), Gene
1.00E- |duplication
13 Burkholderia cepacia JBK9 ALX14620 35 |50 20 Chromosome 2
7.00E- |"PixA" CD1 (G to
14 Burkholderia anthina MSMB0849 |KVH07160 35 |50 20 N)
7.00E- |"PixA" CD1 (G to
15 Burkholderia anthina MSMB0848 |KVH08084 35 |50 20 N)
7.00E- |"PixA" CD1 (G to
16 Burkholderia anthina MSMB1497 [KVM90525 35 |50 20 N)
7.00E- |"PixA" CD1 (G to
17 Burkholderia anthina MSMB1496 |KVN51712 35 |50 20 N)
MSMB1506W 7.00E- |"PixA" CD1 (G to
18 Burkholderia anthina GS KVX35308 35 |50 20 N)
1.00E- |"PixA" CD1 (G to
19 Pseudomonas fluorescens FW300-N2E3 |ALI02782 31 |51 19 L)
2.00E-
20 Halomonas TDO1 TDO1 EGP19391 31 |53 19 "PixA"
2.00E-
21 Pseudomonas MultiSpecies NA WP_019580873 |31 (50 19 "PixA"
6.00E-
22 Pseudomonas chlororaphis piscium KZ050600 31 |50 19 "PixA"
8.00E-
23 Pseudomonas fluorescens HK44 EXF91114 31 |50 19 "PixA"
1.00E- |"PixA" CD1 (G to
24 Burkholderia ubonensis RF32-BP3 KUZ80147 34 (48 18 N)
True PixA,
partial
conservation of
CD1(WtoL,Rto
N); Loss of CD2
1.00E- |(WtoV,DtoE,P
25 Xenorhabdus szentirmaii DSM 16338 |CDL83749 30 |51 18 to T)
1.00E-
26 Pseudomonas syringae Riq4 KNH27756 31 |51 18 "PixA"
2.00E-
27 Pseudomonas GM41(2012) GM41(2012) [EUB72119 31 |51 18 AidA
3.00E- |"PixA" CD2 (Gto
28 Pseudomonas MRSN12121 MRSN12121 [AJO77056 31 |51 18 A)
3.00E- |"PixA" CD2 (G to
29 Pseudomonas chlororaphis PCL1606 AKA26152 31 |51 18 A)
3.00E-
30 Pseudomonas fluorescens C1 K]Z38182 30 |51 18 "PixA"
"PixA" Gene
3.00E- |duplication
31 Burkholderia cepacia JBK9 ALX16764 31 |48 18 Chromosome 3
4.00E- |["PixA" CD2 (G to
32 Pseudomonas CFII68 CFII68 EP]88298 30 |51 18 A)
4.00E-
33 Pseudomonas GM79 GM79 EJN19656 30 |51 18 "PixA"
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4.00E-

34 Pseudomonas fluorescens FW300-N1B4 [KZN18539 30 |51 18 "PixA"
4.00E-

35 Pseudomonas MultiSpecies NA WP_018926817 |30 |51 18 "PixA"
5.00E-

36 Pseudomonas GM102 GM102 EJL98347 32 |48 18 "PixA"
5.00E-

37 Pseudomonas GM50 GM50 EJM59492 32 |48 18 "PixA"
5.00E-

38 Pseudomonas lini DSM 16768 [KMM94062 32 |48 18 "PixA"
5.00E-

39 Pseudomonas lini ZBG1 KNH45576 32 |48 18 "PixA"
6.00E-

40 Pseudomonas Root329 Root329 KQV16104 30 |51 18 "PixA"
6.00E-

41 Burkholderia lata 383 ABB06256 31 |47 18 "PixA"
6.00E-

42 Burkholderia contaminans FFH2055 KKL35787 31 (47 18 "PixA"
6.00E-

43 Burkholderia contaminans LMG 23361 |KKL42170 31 |47 18 "PixA"
6.00E-

44 Burkholderia contaminans MS14 AKM45145 31 |47 18 "PixA"
6.00E- |"PixA", High G+C

45 Mumia flava MUSC 201 KHL13532 31 |47 18 content, Gram +
7.00E-

46 Pseudomonas 655 655 K0Y02858 30 |51 18 "PixA"
7.00E-

47 Pseudomonas In5 In5 KPN92316 30 |51 18 "PixA"
7.00E-

48 Pseudomonas mandelii PD30 KDD65828 30 |51 18 "PixA"
1.00E-

49 Burkholderia cepacia LK29 KML43855 31 |47 17 "PixA"
1.00E-

50 Burkholderia cenocepacia CEIB S5-2 KWU27628 31 |47 17 "PixA"
1.00E-

51 Pseudomonas fluorescens C3 K]Z45612 30 |51 17 "PixA"
1.00E-

52 Burkholderia cepacia MSMB0859 [KVH35186 31 |47 17 AidA
1.00E-

53 Burkholderia cepacia MSMB1302 |KVK71923 31 |47 17 AidA
1.00E-

54 Burkholderia cepacia MSMB1820 |KVK97762 31 |47 17 AidA
1.00E-

55 Burkholderia cepacia MSMB1906 [KVL56302 31 |47 17 AidA
1.00E-

56 Burkholderia cepacia AU 1054 ABF80382 31 |47 17 AidA
1.00E-

57 Burkholderia cepacia HI2424 ABK12607 31 |47 17 AidA
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1.00E-

58 Burkholderia cepacia MCO0-3 ACA95498 31 (47 17 AidA
1.00E-
59 Burkholderia cepacia J2315 CAR57225 31 (47 17 AidA
K56- 1.00E-
60 Burkholderia cepacia 2Valvano EPZ85253 31 |47 17 AidA
1.00E-
61 Burkholderia cepacia BC7 ERI26507 31 |47 17 AidA
1.00E-
62 Burkholderia cepacia H111 CDN64866 31 (47 17 AidA
1.00E-
63 Burkholderia cepacia 869T2 KEA54850 31 (47 17 AidA
1.00E-
64 Burkholderia cepacia DDS 7H-2 Al043676 31 (47 17 AidA
1.00E-
65 Burkholderia cepacia DWS 16B-4 |KGC05564 31 |47 17 AidA
FDAARGOS_8 1.00E-
66 Burkholderia cepacia 2 KGY43805 31 |47 17 AidA
1.00E-
67 Burkholderia cepacia LMG 16656 |KIS50362 31 (47 17 AidA
1.00E-
68 Burkholderia cepacia K56-2 KKI82503 31 (47 17 AidA
1.00E-
69 Burkholderia cepacia ST32 ALV61348 31 (47 17 AidA
FL-5-5-10-S1- 1.00E-
70 Burkholderia seminalis DO KVF43682 31 |47 17 AidA
FL-6-2-30-S1- 1.00E-
71 Burkholderia cenocepacia D2 KVF49181 31 |47 17 AidA
MSMB364WG 1.00E-
72 Burkholderia cenocepacia S KWF16077 31 |47 17 AidA
MSMB383WG 1.00E-
73 Burkholderia cenocepacia S KWF54437 31 |47 17 AidA
1.00E-
74 Burkholderia cenocepacia 842 AMU11294 31 |47 17 AidA
1.00E-
75 Burkholderia cenocepacia 895 AMU18992 31 |47 17 AidA
2.00E-
76 Pseudomonas fluorescens NCIMB 11764 |AKV07160 30 |51 17 "PixA"
2.00E-
77 Burkholderia cepacia ATCC 25416 |[AlI026808 30 |48 17 "PixA"
2.00E-
78 Burkholderia lata LK13 KML22166 30 |48 17 "PixA"
2.00E-
79 Burkholderia LK4 LK4 KMN56259 30 |48 17 "PixA"
2.00E-
80 Burkholderia cepacia UCB 717 ALK23144 30 |48 17 "PixA"
2.00E-
81 Burkholderia cepacia INT1-BP233 |KVA30721 30 |48 17 "PixA"
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2.00E-

82 Burkholderia cepacia INT1-BP232 |KVA36964 30 (48 17 "PixA"
FL-4-2-10-S1- 2.00E-

83 Burkholderia cepacia DO KVF12427 30 (48 17 "PixA"

2.00E-

84 Burkholderia cepacia MSMB1129 |KVH66724 30 |48 17 "PixA"

2.00E-
85 Burkholderia cepacia MSMB1224 |KVH69728 30 |48 17 "PixA"
MSMB1824W 2.00E-

86 Burkholderia cepacia GS KvQ27173 30 (48 17 "PixA"
MSMB1831W 2.00E-

87 Burkholderia cepacia GS KVQ46004 30 (48 17 "PixA"
MSMB1055W 2.00E-

88 Burkholderia cepacia GS KVS30374 30 (48 17 "PixA"
MSMB1062W 2.00E-

89 Burkholderia cepacia GS KVS56827 30 |48 17 "PixA"
MSMB1062W 2.00E-

90 Burkholderia cepacia GS KVS56827 30 |48 17 "PixA"
MSMB1213W 2.00E-

91 Burkholderia cepacia GS KVU54366 30 |48 17 "PixA"
MSMB1486W 2.00E-

92 Burkholderia cepacia GS KVw85737 30 |48 17 "PixA"
MSMB1510W 2.00E-

93 Burkholderia cepacia GS KVX50114 30 |48 17 "PixA"
MSMB1513W 2.00E-

94 Burkholderia cepacia GS KVX64366 30 |48 17 "PixA"
MSMB1819W 2.00E-

95 Burkholderia cepacia GS KVZ98718 30 |48 17 "PixA"
MSMB1224W 2.00E-

96 Burkholderia cepacia GS KWC57625 30 |48 17 "PixA"
MSMB1228W 2.00E-

97 Burkholderia cepacia GS KWC76292 30 |48 17 "PixA"
MSMB2164W 2.00E-

98 Burkholderia cepacia GS KWD61810 30 |48 17 "PixA"
MSMB2165W 2.00E-

99 Burkholderia cepacia GS KWD85864 30 |48 17 "PixA"
MSMB2177W 2.00E-

100 |Burkholderia cepacia GS KWE24593 30 |48 17 "PixA"
MSMB616WG 2.00E-

101 |Burkholderia cepacia S KWH28447 30 |48 17 "PixA"
MSMB648WG 2.00E-

102 |Burkholderia cepacia S KWH48359 30 |48 17 "PixA"

2.00E-

103 |Pseudomonas fluorescens H24 KJZ63571 30 |50 17 "PixA"
True PixA,
partial
conservation of

NBAII 3.00E- |CD1 (WtoM,R

104 |[Xenorhabdus NBAII XenSa04 |XenSa04 WP_047681901 |29 |46 17 to N); and CD2

92




