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Evidence for Horizontally Transferred Genes Involved in the Biosynthesis

of Vitamin B4, Bs, and B in Heterodera glycines

James P. CraiG, Sapia BEKAL, TERRY NIBLACK, LESLIE DOMIER, KRriS N. LAMBERT

Abstract: Heterodera glycines is a nematode that is highly adapted to manipulate and parasitize plant hosts. The molecular players
involved in these interactions have only recently begun to be identified. Here, the sequencing of the second stage juvenile tran-
scriptome, followed by a bioinformatic screen for novel genes, identified seven new genes involved in biosynthesis and salvage of
vitamins By, Bs, and B7. With no confirmed reports in the literature, each of these biosynthesis pathways is believed to have been lost
in multicellular animals. However, eukaryotic-like introns in the genomic sequences of the genes confirmed eukaryotic origin and
nematode-specific splice leaders found on five of the cDNAs confirmed their nematode origin. Two of the genes were found to be
flanked by known nematode sequences and quantitative polymerase chain reactions on individual nematodes showed similar and
consistent amplification between the vitamin B biosynthesis genes and other known H. glycines genes. This further confirmed their
presence in the nematode genome. Similarity to bacterial sequences at the amino acid level suggested a prokaryotic ancestry and
phylogenetic analysis of the genes supported a likely horizontal gene transfer event, suggesting H. glycines re-appropriated the genes
from the prokaryotic kingdom. This finding complements the previous discovery of a vitamin Bg biosynthesis pathway within the
nematode. However, unlike the complete vitamin Bg pathway, many of these vitamin B pathways appear to be missing the initial
enzymes required for full de novo biosynthesis, suggesting that initial substrates in the pathways are obtained exogenously. These
partial vitamin B biosynthesis enzymes have recently been identified in other single-celled eukaryotic parasites and on rhizobia
symbiosis plasmids, indicating that they may play an important role in host-parasite interactions and survival within the plant
environment.
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Heterodera glycines, commonly known as the soybean
cyst nematode (SCN), is an obligate plant parasite and
an important pest of soybean plants. The nematodes
survive by creating a feeder cell, called a syncytium,
within its plant host. This process is presumably started
by injecting a mixture of metabolites and proteins into
a plant cell, causing them to become highly metaboli-
cally active and to merge with nearby cells. The syncytia
then form close associations with the phloem, facili-
tating the inward draw of nutrients and metabolites
(Endo, 1998; Jones, 1981). In the end, the plant cells
are essentially transformed into a metabolic sink from
which the nematode feeds for the rest of its life.

Studies involving this plant parasitic nematode-host
interaction have largely focused on identifying and char-
acterizing genes encoding secreted parasitism-associated
proteins (Bellafiore, et al., 2008; Curtis, 2007; Gao, et al.,
2001; Meutter, et al., 2001; Tucker, et al., 2005; Vanholme,
etal., 2004; Wang, et al., 2001). This has exposed a rich
array of secreted proteins that could potentially ma-
nipulate plant physiology, metabolism, and defenses. A
few of these include enzymes that can alter the cell wall
(cellulase, pectinase, expansins), protease machinery
(ubiquitin extensins), reactive oxygen state (peroxidases,
superoxide dismutase), cell differentiation (CLAVATA3),
the shikimate pathway (chorismate mutase), as well as
nuclear targeted proteins that may directly reprogram
the plant cell (Doyle and Lambert, 2002; Elling, et al.,
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2007; Lambert, et al., 1999; Molinari and Miacola, 1997;
Qin, et al., 2004; Smant, et al., 1998; Tytgat, et al., 2004;
Wang, et al., 2005). However, this has left non-secreted
proteins, a class of proteins that can also have a large
impact on host-parasite interactions, largely unexplored.
One such group of non-secreted proteins may be en-
zymes involved in the nutritional status of the nematode.

The need for nutrition may have been one of the
driving forces behind the evolution of the feeding cell.
Thus, a better understanding of the specific nutrient
requirements of the worm could provide important
clues as to how the nematode manipulates the plant to
obtain them. Yet, little is known about the nutritional
requirements of H. glycines. Studies of the nematode
Caenorhabditis elegans have shown that like all animals,
there is a strict requirement for B vitamins and other
essential amino acids, which are absorbed in the in-
testine and salvaged (Liu and Lu, 2008; Nicholas, et al.,
1962; Szewczyk, et al., 2003; Vanfleteren, 1973). It was
presumed that SCN required the same essential nutri-
ents common to animals. However, we recently reported
the presence of the horizontally transferred gene pair
HgSNZ and HgSNO, a complete functional pathway ca-
pable of synthesizing vitamin Bg de novo (Craig, et al.,
2008). Because most animals have long since lost the
ability to synthesize vitamin Bg, this discovery led to in-
teresting questions about the nematode’s nutritional
requirements.

Here, we report that not only does H. glycines possess
genes to synthesize its own vitamin Bg, it has additional
genes that express proteins and enzymes involved in
the de novo biosynthesis of vitamin B, vitamin B;, and
vitamin By; hereafter referred as the vitamin B bio-
synthesis genes and proteins. These genes were re-
vealed in a bioinformatic screen of the second-stage
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juvenile (J2) transcriptome and like the vitamin Bg
pathway, they are most closely related to bacterial and
fungal genes and may have arisen in the H. glycines ge-
nome through horizontal gene transfer (HGT).

MATERIALS & METHODS

Nematode Culture and RNA Extraction for Sequencing:
H. glycines nematodes (isolates TN10 and TN16) were
raised on Glycine max (Essex cultivar) and cysts were
harvested from roots as described by Niblack et al.,
(1993). The cysts were crushed over a 0.25 mm sieve to
release the eggs and hatched on tissue paper suspended
over a water reservoir. Hatched J2 were collected on a
10 pm polycarbonate membrane (GE Osmonics Inc.,
Minnetonka, MN), pelleted in 1% carboxymethylcellu-
lose, and stored at -80°C until needed. RNA was ex-
tracted following the procedure described by Bekal etal.,
(2003). Briefly, the frozen J2 were freeze-fractured with
a tissue pulverizer and digested for 12 hours in a buffer
(50 mM Tris-HCl pH 7.5, 50 mM NaCl) containing
2 mg/ml protease K (Invitrogen, Carlsbad, CA). After
acid-phenol extraction, chloroform extraction, and
ethanol precipitation, the quality of the RNA was
checked on a formaldehyde gel and a Bioanalyzer
(Agilent, Santa Clara, CA).

¢DNA Library Construction: Approximately 30 pg of
the total SCN RNA was used to select mRNA with the
Oligotex mRNA mini kit (Qiagen, Germantown, CA).
cDNAs were synthesized from mRNA with the Creator
SMART cDNA synthesis kit (Clontech, Mountain View,
CA) with two modifications: 1) the oligo-dT for priming
the reverse transcription was modified (CDSIII-First: 5’
TAGAGACCGAGGCGGCCGACATGTTTTGTTTTTTT
TTCTTTTTTTTTTVN -3’) to break the poly-A run of
the mRNA in the final ¢cDNA; this modification has
been found to overcome the high failure rate observed
upon pyrosequencing cDNAs with long homopolymer
runs; 2) after amplification, the double-stranded cDNA
was size selected on a 2% agarose gel to eliminate
fragments smaller than 400 bp.

Normalization of the cDNA Library: The cDNA library
was normalized with the Trimmer Direct Kit (Evrogen,
Moscow, Russia). In brief, 300 ng of cDNA was in-
cubated at 95°C for 5 min followed by incubation at
68°C for 4 hours in the hybridization buffer included in
the kit (50 mM HEPES, pH 7.5 and 0.5 M NaCl). After
incubation, the reaction was treated with 0.25 units of
duplex specific nuclease (DSN). The normalized cDNA
was amplified from 1 pl of DSN-treated cDNA by PCR
with the CDSII-First and SMARTIV primers with the
following conditions: 98°C (30 sec); 10 cycles of 98°C
(10 sec), 68°C (30 sec), 72°C (30 sec); followed by ex-
tension at 72°C (5 min).

454 Library Construction, Emulsion PCR, and Sequenc-
ing: 3 ng of amplified normalized cDNA was sheared
into fragments 300-800 bp in size, blunt-ended, ligated

to adaptors, and converted to a single-stranded tem-
plate DNA library with the GS FLX General Library
Prep Kit (Roche, Basel, Switzerland). Libraries were
quantified with Picogreen Quantitation reagents (In-
vitrogen, CA) and average fragment sizes were de-
termined by analyzing 1 ul on the Bioanalyzer (Agilent,
CA) with a DNA 7500 chip. The library was diluted to
1x10° molecules/pl and processed for emulsion PCR,
titrated, and sequenced on the GS FLX machine follow-
ing the manufacturer’s protocols (Roche, Switzerland).

Bioinformatic Screen: The cDNA reads were assembled
in CLC Bio Genomic Workbench (CLC Bio, Cambridge,
MA). Using a Perl script, the contigs and unassembled
reads were translated into amino acid sequences ac-
cording to their six open reading frames (OREFs),
keeping only those at least 50 amino acids in length.
The H. glycines amino acid sequences were compared to
Hidden Markov models (HMM) from the Sanger da-
tabase (http://pfam.sanger.ac.uk) that were found in
archaea, bacteria, plants, and fungi, but not in meta-
zoans with the program HMMER 2.3.2 (Finn, et al.,
2006). The basic local alignment search tool (BLAST)
suite of programs was used to find homologues in the
National Center for Biotechnology Information (NCBI)
databases (Altschul, et al., 1990).

Sequencing the Genomic DNA of the Vitamin B Synthetic
Genes: Sequences that matched a HMM were assembled
in Sequencer 4.9, and the contigs bioinformatically
expanded using BLAST and a SCN nucleotide database
obtained from NCBI. To determine the complete ORF
of each gene, contigs missing a start or stop codon were
extended and sequenced using the Genome Walker
kit (ClonTech, CA) as described by Craig et al., 2008.
To genome walk, the AP1 primer and a gene-specific
genwalk primer (supplemental Table 1) were used.
Primer pairs (supplemental Table 1) were then designed
around the complete ORFs and polymerase chain re-
action (PCR) amplified from SCN genomic DNA. The
PCR products were T/A-TOPO cloned into a pCR2.1 or
pCR4 TOPO vector and transformed into Escherichia coli
TOP10 chemically competent cells (Invitrogen, CA).
Sanger sequencing of the inserts was performed at the
University of Illinois W.M. Keck Biotechnology Center.

The thi4 and bioB genomic sequences were amplified
and cloned in pieces due to their large size. In addition,
the thiM-thiE-F/R primer pair (supplemental Table 1)
was used to clone and sequence the intergenic region
between the thiE and thiM genes, while the thiE-thiD-
F/R primer pair sequenced the intergenic region be-
tween thiD and thil.

Cloning the Vitamin B ¢cDNA: RNA was extracted from
SCN as described above, and each gene was transcribed
into cDNA using AMV reverse transcriptase (Promega,
WI) and a gene-specific primer (supplemental Table 2).
Each gene was PCR amplified with a primer pair in
supplemental Table 2, cloned, and sequenced as de-
scribed above.
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Phylogenetic Analysis: The NCBI protein database was
searched for homologues using the predicted amino
acid sequences of each SCN vitamin B biosynthesis
gene. The top 10 protein hits representing a unique
genus were collected from plants, fungi, single-cell eu-
karyotes, bacteria, archaea, and animals, and aligned
with CLUSTALW (Thompson, et al., 1994). Maximum
likelihood phylogenetic trees were generated from the
amino acid sequence alignments using the program
PHYML 3.0 (Guindon and Gascuel, 2003). The rate of
amino acid substitution was estimated using a Whelan
and Goldman (WAG) model. The JTT, Dayhoff, and
Blossom62 models were also evaluated, though in
general, WAG produced the highest log likelihoods.
The gamma distribution parameter and proportion of
invariable sites were estimated, and a random BioN]J
tree was used as the starting point for PHYML analysis.
The reliability of the resulting trees was estimated with
the approximate likelihood ratio test (aLRT) with SH-
like support.

Real-time PCR of Individual Nematodes: Newly hatched
J2 were allowed to crawl through a sand column equil-
ibrated with 0.1% sodium dodecyl sulfate to physically
remove residual plant debris, fungi, and bacteria asso-
ciated with the cuticle (Craig, et al., 2008; Painter and
Lambert, 2003). Individual nematodes were then di-
gested overnight at 60°C in 5 pl buffer containing
50 mM Tris-HC1 (pH7.5), 50 mM NaCl, and 4 mg/ml
protease K (Invitrogen, CA). The protease K was heat
killed by incubation at 80°C for 20 min and the reaction
was transferred into a PCR plate containing Sybr Green
Master Mix (Applied Biosystems, Foster City, CA) and 5
picomoles of a primer pair listed in supplemental Table
3. The efficiency of amplification of all primer pairs
were shown to be equal by conducting real-time PCR on
a genomic DNA dilution series as described in Livak
et al., (2001). Real-time PCR was conducted using an
ABI 7900HT Sequence Detection System (Applied Bi-
osystems) with the following reaction conditions: 50°C
(2 min); 94°C (5 min); 40 cycles of 94°C (30 sec), 60°C
(1 min); dissociation stage. Six replicates and two water
controls were performed for each of the 10 genes: bioB,
elongation factor 1o (EFIla), HgSNZ, HgSNO, panC, tenA,
thi4, thiD, thiE, and thiM. This experiment was con-
ducted twice with similar results.

REsuLTs

Identification of the Vitamin B Biosynthesis Genes: To
identify unique and unusual genes in H. glycines, mRNA
from J2 was converted to cDNA and pyrosequenced.
The two sequencing runs from SCN isolate TN16 cDNA
yielded 253,158 and 293,950 sequences. Runs from the
SCN isolate TN10 yielded 220,106 and 276,603 se-
quences, with an average sequence length of 200 bases,
and 189,472,067 million bases in total. This repre-
sented approximately 10fold coverage of the J2 tran-

scriptome, based upon an estimated 20,000 genes, each
producing an mRNA with an average length of 1 kb.

The sequences were assembled into 65,535 contigs,
from which 201,684 amino acid sequences of at least 50
residues were selected for analysis. To identify genes
potentially introduced into the SCN genome by HGT,
these amino acid sequences were compared to a data-
base of plant, bacteria, archaea, and fungal HMMs not
normally found in animals. The initial search identified
five hits to enzymes in the vitamin B;, B5 and By bio-
synthetic pathways, which prompted us to search for
additional members of the pathways using bacterial
gene sequences as queries in BLAST searches of the
generated SCN transcriptome database. This yielded
two more genes involved in the salvage of vitamin B,
that are rarely found in animals. A search of the NCBI
database with the seven newly discovered SCN genes
returned hits to plant parasitic nematodes, but no other
animals, showing that the genes were most similar to
bacterial sequences (Table 1).

Origin of the Biosynthetic Genes: Because the genes were
most similar to bacterial sequences, it was important to
determine whether they originated from the SCN ge-
nome or from either external or endosymbiotic con-
taminants. Initially, all SCN genomic DNA from NCBI
that matched the vitamin B genes, were aligned to-
gether. The number of contigs formed suggested that
most of the genes were single copy; panCwith two contigs
suggested a multi-copy gene. To investigate the context
in which the genes resided, the genomic sequence
flanking each contig was determined by chromosome
walking and bioinformatically contiging outward. Ge-
nomic sequences flanking the vitamin B biosynthetic
genes contained sequences that were closely related to
other nematode genes. The contig homologous to tenA
was flanked by two nematode genes; a serpin protease
inhibitor and a Twik gene belonging to a family of po-
tassium channels. The contig homologous to bioB was
adjacent to an animal-like gene containing the ELMO/
CED-12 domain. The presence of linked animal-like or
nematode-like genes strongly suggested that these two
vitamin B biosynthetic genes are contained within the
SCN genome. Sequencing the flanking genomic DNA
also revealed that thiD, thiE, and thiM are located adja-
cent to each other.

The cDNA of the vitamin B genes were sequenced
next and aligned to their genomic counterparts, which
showed that each vitamin B gene contained multiple
introns and had poly-A signals (Table 2). The introns
followed the canonic eukaryotic GT and AG splice do-
nor and acceptor sites, respectively, which supported
their eukaryotic origin. The nematode origin of the
genes was investigated by performing real-time PCR
on each vitamin B biosynthesis gene from individual,
sterilized nematodes. Since each worm has the same
number of cells and thus the same amount of genomic
DNA, genes that are part of the SCN genome should
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TapLe 1. Vitamin B genes in SCN, their top BLAST hit, and respective biosynthesis pathways.
NCBI Acc # Gene Top BLAST Hit Domain E-Value Biosynthesis Pathway
GQ890690 bioB Rickettsia endosymbiont of Ixodes scapularis Bacteria 5e-111 VB - Biotin
GQ890689 panC Clavibacter michiganensis Bacteria 7e-58 VB; - Pantothenate
GQ890688 thiD Methylobacterium extorquens Bacteria 6e-49 VB, - Thiamin
GQB890687 thils Tolumonas auensis Bacteria le-45 VB, - Thiamin
GQ890691 thid Schizosaccharomyces japonicus Fungi 5e-95 VB, - Thiamin
GQ890693 thiM Pectobacterium carotovorum Bacteria le-53 VB, -Thiamin salvage
GQ890692 tenA Comamonas testosteroni Bacteria 1e-37 VB, - Thiamin salvage
EU747298 aSNO Caldicellulosiruptor saccharolyticus Bacteria 4e-36 VBg - Pyridoxal Phosphate
EU747297 aSNZ Ostreococcus lucimarinus Bacteria 8e-108 VB¢ - Pyridoxal Phosphate

(") Genes discovered and described previously in SCN.

have consistent cycle threshold (Ct) values from one
individual to the next. The results in Table 3 show that
each vitamin B gene was amplified consistently in each
of six individual nematodes examined. The small stan-
dard deviations from the average Ct (0.04 to 0.36 cy-
cles) indicated that there was little variability in the
copy numbers of the genes among nematodes and
among genes. In addition, the average Ct values and
standard deviations of the vitamin B biosynthetic genes
mirrored closely those of the three positive controls
(single copy genes HgSNZ and HgSNO, and the multi-
copy gene FEFIla). The panC and EFlo genes had
a slightly lower average Ct, which reflects their multi-
copy status in the H. glycines genome.

Finally, in our SCN cDNA database, three genes
(panC, thiD, and thiM) were found to have the nema-
tode splice leader SL-1, attached to their 5’ ends (Table
2). Two previously deposited ESTs in NCBI also had
splice leaders attached to thiE (CD748263) and fenA
(CB299495)-like sequences. Because the SL-1 sequence
is specific only to nematodes, its presence further con-
firmed the nematode origin of these genes (Davis, 1996).

Protein Analysis: The coding regions of the SCN vita-
min B genes were co-linear with their bacterial or fungal
homologues, without missing or additional domains.
To determine if the predicted amino acids contained
conserved active-site residues, each protein was aligned
to a homologue whose 3D crystal structure and enzy-
matic activity had been determined (supplemental
data). These alignments showed significant homology
between the enzymes, including conservation of amino
acids predicted to bind substrates or having catalytic
activity in the enzyme active site (Table 4). The few

TasLE 2. Characteristics of B vitamin biosynthetic genes
Gene Expressed # Exons Poly-A Signal Splice Leader Copy #
bioB Yes 8 Yes No 1
panC Yes 6 Yes Yes >1
thiD Yes 4 Yes Yes 1
thils Yes 4 Yes Yes 1
thi4 Yes 7 Yes No 1
thiM Yes 5 Yes Yes 1
tenA Yes 3 Yes Yes 1

amino acids with predicted function that diverged in
the SCN homologues were not found to be highly
conserved among homologues in other species. The
recovery of mRNAs from each of the vitamin B genes
that contain complete ORFs and the conservation of
catalytic amino acid residues suggests that they could be
functional.

Phylogenetic Analysis: Because de movo vitamin B bio-
synthesis is normally absent from multicellular animals,
and BLAST results point towards bacteria as the nearest
homologue, a phylogenetic analysis was performed
upon each gene to determine its evolutionary origin.
BLAST was used to collect the top 10 protein hits from
plants, fungi, bacteria, archaea, and single-celled eu-
karyotes. A more extensive search through the NCBI
databases returned a few hits to multicellular animal
sequences. However, they could not be confirmed. The
sequences had very high nucleotide sequence identity
to bacteria with no identifiable introns, or were from
organisms that have known bacterial endosymbionts.
Therefore, we concluded that these multicellular ani-
mal sequences were likely bacterial contaminants and
removed them from subsequent data analyses. The only
animal sequences that seemed genuine, due to the
presence of introns, were from the closely related plant
parasitic nematode genera Meloidogyne and Pratylenchus.

TasrLe 3. Real-time PCR on individual sterilized nematodes

Ct Standard Relative Copy H,O
Gene Name Average Ct Deviation Number Control Gt
LElongation 22.79 0.08 2.0 >41
factor la

HgSNO 23.69 0.13 1.1 No amp.
HgSNZ 23.48 0.20 1.2 No amp.
bioB 23.61 0.34 1.1 No amp.
panC 23.02 0.36 1.7 No amp.
thi4 23.73 0.11 1.0 No amp.
thiD 23.55 0.11 1.2 No amp.
thiM 23.50 0.08 1.2 39.29
lenA 23.44 0.13 1.3 No amp.
thils 23.48 0.14 1.2 No amp.
Permease 23.80 0.04 1.0 No amp.

Data is reported as the gene amplified, followed by the average cycle
threshold (Ct), the standard deviation from the average Ct, and the relative
copy number of each gene based upon their average Ct.
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TaBLE 4. Conserved amino acids within vitamin B biosynthesis enzymes

Enzyme Predicted Function 3D Structure % Identity Conserved Amino Acids

BIOB Biotin synthase E. coli (1R30) 59% C53, C57, C60, C128, C188, CI7,
R260, T292

PANC Pantoate B-alanine ligase M. tuberculosis (3COV) 39% H44, H44, N69, Q72, K160

THIE Thiamine-phosphate diphosphorylase B. subtilis (1G69) 31% Q57, R59, K159, G168, S209,
1208, T156, T158, K61

THID HMP-P kinase/HMP-PP kinase S. typhimurium (1JXTI) 45% E44, C213, G212, K176, E142

THI4 Thiazole synthase/mtDNA damage S. cerevisiae (2GJC) 49% F244, V170, E97, G105, H237,

tolerance R301, G303, D207, G104
THIM Hydroxyethylthiazole kinase B. subtilis (1ESQ) 37% R121, T168, D172, M45
TENA Thiaminase II B. subtilis (1YAF) 28% Y112, F208, C135, D44, Y163, E205

Once the homologous protein sequences were
aligned using CLUSTALW, trees were estimated using
maximum likelihood and the branches analyzed with
aLRT. Within each tree, H. glycines and the other
nematode homologues were found together within the
prokaryotic clade (Fig. 2). THI4, however, was clearly
more closely associated with eukaryotes, specifically
fungi. In each tree, plants, fungi, and archaea also
largely separated into their own clades; as expected, the
single-cell eukaryotes were less monophylogenetic. The
archaea were not represented in the PANC tree as they
have a separate pathway for pantothenate biosynthesis
and do not have PANC homologues (Ronconi, et al.,
2008).

Putative HGT Island and panC: A BLAST search of H.
glycines panC in the NCBI database returned hits to
a 91-kb contig (ABLG01000223) from the related plant
parasitic nematode Meloidogyne hapla. Located on this
contig are sequences similar to the bacterial genes 3-1-4
endoglucanase, NodL, and panC, marking the region as
a putative HGT island (Fig. 1B). Also included in the
region are two sequences that match the Meloidogyne
incognita putative gland cell secretory protein 32 and
gland cell specific SXP/RAL-2, indicating a possible
pathogenic island.

Discussion

Nematode Origin of Vitamin B Genes: In this paper, we
discovered seven genes that appear to be involved in de

novo biosynthesis and salvage of biotin (bioB), panto-
thenate (panC), and thiamin (tenA, thi4, thiD, thik, and
thiM). Each of these genes has high homology to bac-
teria or fungi and is not normally found in animals.
Although precedence for unusual vitamin biosynthetic
pathways has been reported earlier with the discovery
of a vitamin Bg biosynthesis pathway in SCN, it was
important to establish nematode origin.

In addition to our own sequencing projects, EST and
genome sequencing projects from SCN and other plant
parasitic nematodes have independently sequenced
these genes. The nematode-like sequences surround-
ing tenA and bioB further strengthens the argument for
nematode origin and eukaryotic introns remove the
possibility of prokaryotic contamination or endosym-
bionts. Real-time PCR on individual nematodes also
showed consistent amplification at levels comparable to
other nematode genes and the nematode specific splice
leader SL-1 was found attached to the 5’ ends of panC,
tenA, thiD, thil, and thiM cDNA sequences. Together,
these results all point towards localization of the genes
within the SCN genome.

Evidence for HGT: Once nematode origin had been
established, the significant similarity between bacterial
and SCN vitamin B biosynthesis enzymes became a
strong case for HGT. HGT has been shown to be rather
common in H. glycines and other plant parasitic nema-
todes, and may have contributed significantly to the
ability of nematodes to parasitize plants (Bird, et al.,
2003; Smant, et al., 1998). In nematodes of the genus

putative gland cell secreted protein
putative gland cell secreted protein
b-1-4 endoglucanase
1

C. briggsae hypothetical protein

M. hapla HGT Island (ABLG01000223)
91644bp

‘SXP/RAL-2 (Gland cell specific)
BED Zinc Finger Protein
panC
NodL
apyrase L-2-hydroxyglutarate dehydrogenag

1y |

Fic. 1.
panC, other predicted HGT genes, and gland specific genes.

A. Graphical representation of the H. glycines thiM, thil;, and thiD genes. B. Graphical representation of the M. hapla 91-kb contig with



286 Journal of Nematology, Volume 41, No.

panC

4, December 2009

I denitrificans
L xyli

C_michiganensis

T curvata

C_acidiphila
T fusca

H_glycines el

M_incognita—-=

M_capsulatus

N oceani
N_sennetsu
H_glycines

, M_incognita -

M_hapla -
Rickettsia_endosymbiont of Ixode
H_bilis
M_ELB17
B_aphidicola
P_mirabilis
4 P stuartii
E_sakazakii
E_coli

0.97

R_leguminosarum
R_castenholzii
S_JA-3-3Ab

D_fermentans

M_nodulans
H_arsenicoxydans

C_testosteroni
S_thermophilus

M sedula

S_islandicus

D vulgaris

D_thiodismutan

S aciditrophicus
R_ferrireducens
A_caulinodans

D alkenivorans
H_glycines
L_hongkongensis
T auensis

A_muciniphila

H jlycincs‘
L_interrogans
L_hongkongensis

T auensis

P carotovorum
D_dadantii
E_ictaluri
Y rohdei
Y_intermedia
E_sakazakii
E_coli

S_spiritivorum

A_ATCC_27244

M_hapla =

Tree Log likelihood
bioB -21140.52
panC -16714.68
thi4 -14465.61
thiD -20175.49
thikE -15084.73
thiM -19017.44
tenA -16147.60

C_maquilingensis

H_butylicus

S_marinus
T sibiricus

M_labreanum

0.75

C_Methanosphaerula
M_hungatei

marine_crenarchaeote

N_wi

R etli

B_phym

M_smithii

H ngycines(

M_silvestris

nogradskyi

A_caulinodans
M_ chloromethanicu
A_SI85-9A1

S_erythraea

atum

T auensis

’ C_youngae
Hﬁglycmes‘ =
- =]
T_pseudonana . - £ 2
. . )
2 N &
P_tricornutum 9 ' 5 F Plants
2 ; £ g
C_maquilingensis # ¥ 5 2 nf‘ 5 & & @
L R o g B e B E X Al & S
“ =N
q, *
7, e,
/0}. g
»
~ 4
p g
th”"31'-1-
Deny,;
~/2ponicyg
C_cinere ,
- 4 C_symbiosum
> P _vulnus Q{ﬂggg&mﬁmm
- ~Crey,.,
ines arc,
1ycing aegy,
i g 2y ELHF4000
o b \APKG
200 4y
T3 & > sy
5 %,
2 2 ’«::5./0/
& & ) (S
Q G, C/
'ﬁj\ +* 2§ F e 5 = Vo & O %
Q- o £ 5 £ | 2 5 o
S F § 5 c's 2B %y 9
SFFi25:%% 0
& L B g I a ) 2 Y 2
& S F¥F £ < & 2 2 dy
; 5 ] s % S
R, & Q -3' ’;:3: % %
/ =y -
J = g
B
Prokaryotes &
w

Fic. 2. Prokaryotic subtrees of the vitamin B biosynthesis enzymes. alLRT branch supports are labeled at each node. Complete color coded
trees with full species names can be found in the supplemental data; for clarity, a near complete THI4 tree is shown. H. glycines is marked with
a large arrow, while other nematode species are marked with a small arrow. The log likelihood for each tree is also shown.



HGT of vitamin B synthesis genes in H. glycines: Craig et al. 287

Meloidogyne, the bacterium Mesorhizobium loti was iden-
tified as a potential candidate for the origin of some
bacterial-like genes through the transfer of a circular
chromosome carrying a symbiosis island (Scholl, et al.,
2003). Interestingly, vitamin B biosynthesis genes are also
located within this island (Sullivan and Ronson, 1998).

The hypothesis of a HGT event from bacteria is sup-
ported by phylogenetic analysis of the nematode vita-
min B biosynthesis proteins. Within each phylogenetic
tree, the nematode proteins, excluding THI4, were
situated in strongly supported bacterial clades (Fig. 2).
THI4 is the exception among SCN’s bacterial-like vita-
min B enzymes. This enzyme has homologues in fungi,
plants, archaea, and a few bacteria. By itself, THI4
synthesizes hydroxyethyl thiazole, a process that would
normally require six enzymes in most bacteria (Begley,
et al., 1999; Park, et al., 2003). Within the THI4 phy-
logenetic tree, the nematode homologue is only dis-
tantly related to archaea and bacteria, instead showing
the strongest relation to fungi. It remains unclear if the
gene is a remnant of the original animal biosynthesis
pathway or the result of HGT from another eukaryote.
While HGT between eukaryotes are becoming more
widely recognized, this would represent the first such
case in SCN (Keeling and Palmer, 2008).

Another factor supporting a prokaryotic origin for
panC is its presence on the bacterial-like HGT island
from M. hapla. Although large sequence contigs con-
taining panC are not available for SCN yet, we were able
to verify that the vitamin B biosynthesis genes thiM, thik,
and thiD are adjacent to each other, separated by ap-
proximately 200 bases. In bacteria, these genes are of-
ten found in the same order and direction as members
of an operon (Rodionov, et al., 2002), and like the
Meloidogyne putative HGT island, we speculate that the
three genes were originally transferred into SCN during
a single transfer event.

Roles of the Vitamers and their Biosynthesis Enzymes: Once
the vitamin B genes were obtained in a HGT event(s),
there must have been an evolutionary advantage to
maintain them. Instead of degenerating over time, each
gene would eventually acquire introns, with some de-
veloping a splice site for a SL,, and be actively expressed.
In order to better understand what this advantage may
be, we analyzed the predicted role of the enzymes
within their respective pathways as well as the role of the
synthesized vitamins.

The vitamins B; (thiamin), B; (pantothenate), and
B, (biotin) are essential to all life. As members of the
water-soluble vitamin B family, they act as cofactors for
a wide range of enzymes which in turn participate in
a myriad of metabolic pathways. Thiamin-PP, the main
biologically active form of thiamin, plays an important
role in carbohydrate and amino acid metabolism as well
as the pentose phosphate pathway (Lonsdale, 2006).
Biotin functions as a carboxyl carrier for biotin de-
pendent carboxylases, which are critical for fatty acid

metabolism and amino acid catabolism. Biotin has also
been shown to play a role in cell signaling, epigenetic
regulation of genes, and chromatin structure (Zempleni,
etal., 2009). Pantothenic acid is necessary for coenzyme
A and acyl carrier protein (ACP) biosynthesis. These
compounds are vital in the tricarboxylic acid cycle and
fatty acid metabolism, and are also used for cholesterol
and acetylcholine biosynthesis (Leonardi, et al., 2005).

In general, multicellular animals, including C. elegans,
have lost the capability to synthesize these essential vi-
tamins. It is assumed the gene loss occurred because
animals can simply absorb the vitamins through their
diet. Some parasites have taken this one step further,
losing many additional pathways that can be supple-
mented by their host (Mira, et al., 2001). Thus, it seems
unusual that SCN, an animal and a parasite, would ex-
press genes of the vitamin B biosynthesis pathways. This
is all the more perplexing because SCN should have no
problem absorbing the vitamins from host plants. Us-
ing BLAST, we found that not only does SCN have the
normal vitamin B transporters and salvage pathways
found in animals, it has a few extra genes previously not
identified in multicellular animals. The bacteria-like
genes (hiM, tenA, and permease (transporter of cyto-
sine, purine, uracil, thiamin, and allantoin family) are
respectively involved in HET salvage, HMP salvage, and
thiamin transport (Jenkins, et al., 2008; Karunakaran,
et al., 2006; Ren, et al., 2007; Zhang, et al., 1997).

Looking at the biosynthesis pathways, it becomes
apparent that SCN only carries part of the biosynthesis
pathways for B; and B; (supplemental data). It also
becomes immediately apparent that the gene present is
the last key enzyme in the pathway. BIOB (biotin syn-
thase) performs the last reaction to create biotin and
PANC (pantoate B-alanine ligase) joins B-alanine and
pantoate together to create pantothenate (Leonardi,
etal., 2005; Zempleni, et al., 2009). On the other hand,
the thiamine biosynthesis pathway is more complete,
with all of the enzymes for de novo biosynthesis except
for the initial enzyme in the pathway: THIC (plants
and bacteria) or THI5 (fungi) (supplemental data).
Yet, their absence could be functionally replaced by the
nematode TENA enzyme. The exact role of TENA is
still unclear; in Bacillus subtilis it has been shown to have
both thiaminase II activity and to salvage base-degraded
thiamin (Jenkins, et al., 2008; Toms, et al., 2005). This
contrasts with its ability to functionally complement an
E. coli thiCmutant (Morett, et al., 2003). This functional
diversity leaves open the possibility that the SCN tenA
homologue could complete the thiamin biosynthesis
pathway by replacing th:C.

Whether the pathways are complete or partial, the
presence of these biosynthesis genes is at odds with
what is normally observed in multicellular animals. As
SCN seems fully equipped for vitamin transport and
salvage, it raises the question as to what role these in-
complete de novo biosynthesis pathways are playing.
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Role of Incomplete Pathways: The presence of vitamin B
biosynthesis pathways in SCN indicates that the nematode
may not be getting enough of the vitamins from the
plant. However, having the last key enzyme of each
biosynthesis pathway would allow the nematode to ac-
quire precursors from hosts and convert them into the
vitamin, thus providing greater access to host nutrient
resources while avoiding the high cost of complete de
novo biosynthesis.

A variety of bacteria and fungi seem to employ this
same strategy of recruiting former de novo biosynthesis
genes to expand their salvage pathways. The parasites
Plasmodium falciparum, Toxoplasma gondii, Cryptosporid-
wum parvum, and Perkinsus marinus also contain similarly
expanded By, B;, and B; salvage pathways (Muller and
Kappes, 2007).

The advantage of having these biosynthesis pathways
for survival within the plant root can also be clearly seen
in certain rhizobia-plant symbiotic relationships. With
a limited supply of essential vitamins provided by the
plant, rhizobia bacteria auxotrophic for thiamin or bi-
otin are quickly outcompeted in nodulation by pro-
totrophs or bacteria with expanded salvage pathways
(Karunakaran, et al., 2006; Streit, et al., 1996). The
importance of these biosynthetic genes is further un-
derscored by their inclusion on symbiosis plasmids.
These plasmids are frequently swapped between species
of bacteria and confer the ability to form nodules for
nitrogen fixation in plants (Rodionov, et al., 2002).

Previously published Affymetrix microarrays have
analyzed the gene expression of SCN at various time
points during infection of the plant (Elling, et al., 2009;
Ithal, et al., 2007; Klink, et al., 2009). Five of the genes
are included on the microarray chip: the bioB, panC,
tenA, and thiE. These genes generally increased in ex-
pression from egg to adulthood, whereas thi4 generally
decreased (Elling, et al., 2009). However, a more stable
expression pattern throughout the life cycle is implied
in Ithal et al. (2007) and Klink et al. (2009), in which
the genes are not listed among those whose expression
changed over 1.5 or 2 fold respectively. A more in-depth
analysis of the expression patterns of all the vitamin B
biosynthesis genes should help elucidate how these
pathways are regulated.

The limited supply of vitamins available in the plant,
suggested by the presence of these pathways, is un-
expected given the nature of the nematode’s feeding
cell. This could be a consequence of the cell reprog-
ramming that occurs during syncytia formation. An-
other hypothesis is that the plant is restricting access or
biosynthesis of certain essential vitamins to defend
against pathogen invasion. Nutrient limitation is a well
documented defense that deprives pathogen invaders
of resources essential for replication or survival (Expert,
1999; Exton, 1997; Weinberg, 1984, 1996). Biotin che-
lating using avidin has been shown to occur in the
chicken egg and is believed to have antimicrobial prop-

erties (Elo, et al., 1980; Green, et al., 1975). This type of
broad defense is more difficult to circumvent than gene-
for-gene interactions. However, if the vitamin precursors
are still available, SCN could circumvent the defense by
reacquiring the de novo vitamin B biosynthesis genes.

In summary, we have discovered partial pathways for
vitamins B, Bs, and B; biosynthesis in Heterodera gly-
cines. This expands SCN’s vitamin B repertoire beyond
vitamin Bg and alters our view of the nutritional re-
quirements of this pathogen. Complementation studies
will help determine if the proteins are functional and
whether the SCN TENA enzyme can complete the thi-
amin biosynthesis pathway. Further study of these genes
will provide clues about the nutrient relationship be-
tween SCN and its host and potentially lead to the de-
velopment of novel methods to protect plants from
these parasitic worms.
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