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trans-Aconitic acid (TAA) is an isomer of cis-aconitic acid
(CAA), an intermediate of the tricarboxylic acid cycle that is
synthesized by aconitase. Although TAA production has been
detected in bacteria and plants for many years and is known to be a
potent inhibitor of aconitase, its biosynthetic origins and the phys-
iological relevance of its activity have remained unclear. We have
serendipitously uncovered key information relevant to both of
these questions. Specifically, in a search for novel nematicidal fac-
tors from Bacillus thuringiensis, a significant nematode pathogen
harboring many protein virulence factors, we discovered a high
vielding component that showed activity against the plant-para-
sitic nematode Meloidogyne incognita and surprisingly identified it
as TAA. Comparison with CAA, which displayed a much weaker
nematicidal effect, suggested that TAA is specifically synthesized
by B. thuringiensis as a virulence factor. Analysis of mutants defi-
cient in plasmids that were anticipated to encode virulence factors
allowed us to isolate a TAA biosynthesis-related (¢br) operon con-
sisting of two genes, tbrA and tbrB. We expressed the correspond-
ing proteins, TbrA and TbrB, and characterized them as an aconi-
tate isomerase and TAA transporter, respectively. Bioinformatics
analysis of the TAA biosynthetic gene cluster revealed the associa-
tion of the TAA genes with transposable elements relevant for hor-
izontal gene transfer as well as a distribution across B. cereus bac-
teria and other B. thuringiensis strains, suggesting a general role for
TAA in the interactions of B. cereus group bacteria with nematode
hosts in the soil environment. This study reveals new bioactivity for
TAA and the TAA biosynthetic pathway, improving our under-
standing of virulence factors employed by B. thuringiensis patho-
genesis and providing potential implications for nematode man-
agement applications.

Bacillus thuringiensis is an important entomopathogen that
belongs to the Bacillus cereus group along with the human
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opportunistic pathogen B. cereus and mammalian etiological
agent of anthrax Bacillus anthracis (1). Recent, research has
classified B. thuringiensis as a bacterial pathogen of alternative
nematode hosts (2—4), which may help to explain the complex
ecology of B. thuringiensis that was previously thought to have a
sole insect host (2, 5, 6). This finding further contextualizes
already established interactions between B. thuringiensis and
nematodes (1-4, 7), including free-living and parasitic species.
The relationship between nematodes and B. thuringiensis is of
greatimportance, because it not only gives new insights into the
evolution and ecology of this important environmental micro-
organism (2, 3, 7) but also provides promising resources or
strategies for nematode management.

B. thuringiensis bacterium is capable of undergoing a com-
plete life cycle involving infection, germination, and reproduc-
tion stages inside Caenorhabditis elegans (1, 8). During the pro-
cesses, a variety of virulence factors in nematicidal strains
exhibit toxicity and cause the eventual death of the nematode
host. Many important nematicidal factors of B. thuringiensis
have been identified. Crystallized proteins, such as Cry5, Cry6,
Cry13, Cryl14, Cry21, and Cry55, are the predominant nemati-
cidal toxins (8 —15), and the application of Cry6A (16) or trun-
cated Cry5B (17) in transgenic plants conferred significantly
improved resistance to plant-parasitic nematodes. Meanwhile,
chitinases (18), metalloproteinases (1, 4), lantibiotics (19), and a
two-domain Nel protein (20) of B. thuringiensis are also active
against nematodes. In addition to the most studied protein or
peptide toxins, B. thuringiensis also secretes small active com-
pounds to intoxicate nematodes. One identified compound in
B. thuringiensis is thuringiensin, a 701-Da secondary metabo-
lite that is highly synthesized and secreted by a 12-kb acyl car-
rier protein-dependent gene cluster (21). Thuringiensin dis-
plays excellent nematicidal activity against both free-living and
plant-parasitic nematodes (22, 23). However, such small mole-
cules are rarely reported in B. thuringiensis, leaving a gap in our
understanding of the contributions of small molecular com-
pounds to B. thuringiensis pathogenesis.

trans-Aconitic acid (TAA)* is a small unsaturated tricarbox-
ylic acid that is a natural isomer of cis-aconitic acid (CAA) in the

“The abbreviations used are: TAA, trans-aconitic acid; CAA, cis-aconitic acid;
TCA, tricarboxylic acid; TS, temperature-sensitive; J2s, second-stage juve-
niles; ACO, aconitase; SOE-PCR, splicing overlap extension PCR; ANOVA,
analysis of variance; aa, amino acid(s).
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FIGURE 1. The CT-A component prepared from B. thuringiensis CT-43-55 in class 2 showed nematicidal activity on the plant-parasitic nematode
M. incognita. A, classification of strain CT-43 and its plasmid-deficient mutants according to the production profile of CT-A (blue peak) and thuringiensin (red
peak). The plasmid-deficient mutant CT-43-55 in class 2 is preferred for CT-A preparation over strains that produce thuringiensin. B, bioassay of a highly purified
CT-A sample extracted from B. thuringiensis CT-43-55 on the J2s of the plant-parasitic root knot nematode M. incognita. The bioassay included three biological
repeats, and treatment at each TAA concentration included three technological repeats. After 72 h, total and living J2s were counted and used to calculate the
LCs, values by probit analysis (IBM SPSS software). Error bars, S.D. AU, absorbance units.

tricarboxylic acid (TCA) cycle (24). Although it is a strong
inhibitor of aconitase in the TCA cycle (25, 26), TAA is highly
produced by Pseudomonas bacteria (27, 28) and sugar-contain-
ing plants (29-31). It has been speculated that TAA can neu-
tralize alkaline compounds absorbed by roots (32) and act as an
antifeedant against the rice pest brown planthopper (33). How-
ever, these identified biological roles only partially explain the
significance of naturally accumulated TAA, suggesting addi-
tional unrevealed biofunctions for TAA. Two TAA biosyn-
thetic pathways have long been hypothesized: aconitate
isomerase-mediated biosynthesis from a cis-aconitic acid sub-
strate in both microbes (27, 28) and plants (29, 30), and a citric
acid dehydratase-mediated synthesis reaction from citric acid
substrate specific to maize (31). Although TAA is closely
related to the central cellular metabolism of the TCA cycle, no
exact genes have been identified as responsible for the in vivo
formation of TAA.

In this study, we discovered that a thuringiensin-producing
strain, B. thuringiensis CT-43 (34, 35), also highly produces the
unusual cellular metabolite TAA. Bioassays conducted on nem-
atodes revealed an unexpected lethal activity for TAA, suggest-
ing that it is a novel nematicidal factor of the B. thuringiensis
pathogen. Using genetic and biochemical techniques, we deter-
mined the TAA biosynthetic gene operon consisting of tbrA
and tbrB genes in strain CT-43 as well as the isomerism and
transportation processes mediated by aconitate isomerase
TbrA and TAA transporter TbrB in the TAA biosynthesis of
B. thuringiensis. Further, the distribution of the tbr operon
across the B. cereus and B. thuringiensis strains indicated a gen-
eral role for TAA in the interactions of bacteria with nematodes
in soil environments.

Results

CT-A Is a Nematicidal Compound of B. thuringiensis CT-
43—B. thuringiensis CT-43 (non-flagellum and previously
classified as B. thuringiensis subsp. chinensis) (35) harbors 10
native plasmids carrying diverse toxic genes against nematode
and insect targets (34). Thuringiensin is a nematicidal factor of
strain CT-43, with a gene located on the pCT127 plasmid (21,
22). HPLC analysis of the culture supernatants of strain CT-43
and its plasmid-deficient mutants (35) showed different pro-
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duction profiles for thuringiensin and an undetermined high
yielding compound, named CT-A. According to the production
pattern, we divided these strains into four classes (Fig. 14). To
identify whether the highly produced CT-A was nematicidal,
similar to thuringiensin, we prepared a highly purified sample
of CT-A (Fig. 2A) from the culture supernatant of the thuringi-
ensin-deficient mutant strain CT-43-55 in class 2 (Fig. 14) by
HPLC and conducted a bioassay on second-stage juveniles (]2s)
of the root knot nematode Meloidogyne incognita (36), one of
the most damaging plant-parasitic nematodes to global agricul-
ture (37). As aresult, the survival of M. incognita decreased with
an increase in CT-A concentration (Fig. 1B). In particular,
44.1% of the population died when subjected to a low concen-
tration (200 ug/ml); a moderate level of 400 pg/ml caused
>78% mortality, and when CT-A level increased to 1,000
pg/ml, 92.1% of the nematodes died. The concentration at
which 50% of M. incognita die (LC,,) after 72 h was calculated
as 235.5 pg/ml using probit analysis (Fig. 1B). These results
suggested that secreted CT-A was a nematicidal component of
the B. thuringiensis CT-43.

The Nematicide CT-A Is trans-Aconitic Acid—To determine
the structure of CT-A, the highly purified CT-A sample (Fig.
2A) was subjected to LC-Q-TOF-MS. The m/z 173.0090 ion
representing the mass of the [M — H] ™ ion of the CT-A mole-
cule is shown in Fig. 2B. Matching the signal of 173.0090 with
METLIN, a metabolite mass spectral database (38), indicated
that CT-A was aconitic acid (C;HOg, 174.11 Da), a known
unsaturated tricarboxylic acid with two natural isomers: CAA
and TAA (Fig. 34). CAA and TAA commercial standards were
analyzed by HPLC to determine whether CT-A is CAA or TAA,
according to specific retention times. The CT-A peak was dis-
tinct from the CAA peak (Fig. 2C). However, the retention
times of CT-A were consistent with those of the TAA standard
under four tested mobile phase conditions (Fig. 2D), indicating
that CT-A is TAA. NMR spectroscopy and IR spectroscopy
revealing the internal structure of the CT-A molecule further
confirmed this identification (data not shown).

To verify the nematicidal activity of the TAA molecule, we
examined the effect of a commercial TAA standard on
M. incognita. Nematode survival decreased as the TAA stan-
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FIGURE 2. Structure identification of CT-A molecule as trans-aconitic acid. A, highly purified CT-A sample prepared from strain CT-43-55 by HPLC. B,
Q-TOF-MS analysis of highly purified CT-A. The m/z 173.0090 ion represents the mass of the [M — H] " ion of CT-A. Analysis of the 173.0090 ion with the METLIN
database revealed that CT-A was aconitic acid (AA). The m/z signals at 129.0190 and 85.0293 indicated the decarboxylation of one and two carboxyl groups
from the [M — H] ™ ion, respectively. C, HPLC analysis of a mixed sample of CT-A extract from strain CT-43-55 and a CAA commercial standard showed two
separated peaks. D, HPLC analysis of retention times of CT-A extract from strain CT-43-55 with a trans-aconitic acid (TAA) commercial standard under four
different mobile phase conditions. The retention times and compositions of each mobile phase are provided. AU, absorbance units.

dard concentration increased, and the LC,, value of the TAA
standard on M. incognita after 72 h was calculated as 226.3
pg/ml (Fig. 3B, blue line), which was consistent with that of the
highly purified CT-A (Fig. 1B). These results demonstrated that
TAA was a nematicide. CAA, whose pH value was similar to
TAA (data not shown), showed a significantly higher LC, value
of 912.1 ug/ml (Fig. 3B, red line), ruling out the possibility that
TAA kills nematodes mainly through its acidity. Overall, these
results confirmed that the highly produced CT-A in B. thur-
ingiensis CT-43 was TAA, a TCA cycle-related metabolite that
displays a novel nematicidal bioactivity.

The Operon Consisting of tbrA and tbrB Genes Is Responsible
for TAA Biosynthesis in B. thuringiensis CT-43—Before CT-A
was identified as TAA, we presumed that it was another nem-
aticidal secondary metabolite of B. thuringiensis CT-43 other
than thuringiensis and began to isolate its biosynthesis genes
within the CT-43 genome. Given that most of the toxins encod-
ing genes in B. thuringiensis are plasmid-borne (21, 39), we first
investigated the relationship of CT-A formation with plasmids
present in various plasmid-deficient mutants of strain CT-43
to preliminarily locate CT-A biosynthesis genes (Table 1). As
shown by mutants CT-43-55 and CT-43-62 in class 2, the defi-
ciency of plasmid pCT127 affected the production of thuringi-
ensin but not CT-A;in CT-43-1c (class 3), deficiency of only the
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pCT281 plasmid abolished CT-A production, and CT-43-7
(class 3) or F15 (class 4) whose pCT281 plasmid was absent also
produced no CT-A. Together, these data indicated that CT-A
biosynthesis-related genes were located on the biggest plas-
mid, pCT281 (281,231 bp; 276 genes), of strain CT-43. Be-
cause bioinformatics analysis of the pCT281 sequence with
antiSMASH, a microbial secondary metabolite biosynthetic
gene cluster database (40), showed no cluster targets, we
adopted a full sequence-wide deletion strategy covering any
possible compound biosynthesis-related genes on pCT281
(Table 2) and successfully deleted one acetyltransferase, one
N-hydroxyarylamine O-acetyltransferase, and 11 hypothetical
protein-encoding genes on pCT281 (Table 2) through a tempera-
ture-sensitive (TS) replicon-mediated homologous recombina-
tion method (21). No genes were CT-A biosynthesis-related,
because CT-A production was not affected in these mutants (data
not shown). However, both efficiencies of transformation in the
wild strain CT-43 and homologous recombination via tempera-
ture stress on the TS replicon were confirmed to be low. We failed
to target CT-A biosynthesis genes by this deletion strategy until
CT-A was identified as the cellular metabolite TAA.

Although known for almost a century (25, 41), TAA biosyn-
thesis genes and processes remain unclear in vivo. As men-
tioned above, aconitate isomerase has long been proposed to be
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responsible for TAA biosynthesis in microbes by driving the
interconversion between CAA and TAA (27, 28). However, no
genes of aconitate isomerase have been genetically identified or
can be referenced in the B. thuringiensis bacterium. Thus, we
analyzed all of the genes in pCT281 using CD-Search (42) to
identify isomerous function-related genes. Fortunately, we
found the CT43_RS29745 (1,074 bp) gene, which was the sole
target of pCT281 (Fig. 4A4) and showed sequence homology to
the reported isomerase 2-methyl aconitate cis/trans-isomerase
PrpF (43). The CT43_RS29745 gene encodes a hypothetical
protein whose sequence shared 27% identity and 97% coverage
with that of PrpF (397 aa) in Shewanella oneidensis MR-1 (Fig.
4B) (43). Additionally, PrpF was speculated to catalyze the
interconversion of 2-methyl CAA and 2-methyl TAA in the
2-methylcitric acid cycle (43, 44). Based on these findings,
we proposed that CT43_RS2974S is a gene encoding aconitate
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FIGURE 3. TAA displayed much stronger nematicidal activity than CAA on
J2s of M. incognita. A, chemical structural formulas of CAA and TAA isomers.
The conformational differences between the 1-carboxyl groups in CAA and
TAA molecules are highlighted in red and blue, respectively. B, bioassays of
CAA and TAA standards on J2s of M. incognita. Each bioassay included three
biological repeats, and treatment for each concentration contained three
technological repeats. After 72 h, the total and living numbers of J2s in CAA
and TAA bioassays were recorded and used to calculate the LCy, values by
probit analysis (IBM SPSS software). Data are means = S.D. (error bars).

TABLE 1

isomerase that is responsible for TAA biosynthesis in B. thur-
ingiensis CT-43 and named it TAA biosynthesis-related gene A
(tbrA). Meanwhile, another hypothetical protein-encoding
gene, thrB (CT43_RS29750, 912 bp), which was located 111 bp
downstream of the tbrA and constituted an operon with tbrA
(Fig. 4, A and C), also attracted our attention. Bioinformatics
analysis of the TbrB protein showed an L-rhamnose-H™ trans-
porter (RhaT) domain (45, 46) and 10 transmembrane helices
(Fig. 4D), indicating TbrB as a potential TAA transporter.

To test whether the operon comprising the tbrA and tbrB
genes is responsible for TAA biosynthesis, we performed het-
erologous expression of the operon carried by the pHT304 vec-
tor (47) in B. thuringiensis BMB171 (48), an acrystalliferous
B. thuringiensis mutant producing no TAA. This resulted in a
recombinant termed BMB2451. HPLC and Q-TOF-MS analy-
sis of the culture supernatant of BMB2451 confirmed TAA pro-
duction (Fig. 5, A (pink line) and B). Subsequent gene deletions
of tbrA and tbrB in the recombinant BMB2451 generated the
recombinants BMB2451-AtbrA and BMB2451-AtbrB, respec-
tively. TAA production was not observed in either supernatant
by HPLC analysis (Fig. 5A, dark green and blue lines). When
either tbrA or tbrB was complemented via another compatible
vector pEMBO0603 (39) in BMB2451-AtbrA:tbrA or BMB2451-
AtbrB:tbrB, TAA production was restored (Fig. 54, red and
black lines). Together, these results genetically verified that the
operon consisting of thrA and tbrB was the TAA biosynthetic
gene cluster of B. thuringiensis CT-43.

TbrA Protein Acts as Aconitate Isomerase in the Formation of
TAA in B. thuringiensis—To verify the aconitate isomerase
activity of TbrA protein, a TbrA-inducible Escherichia coli
recombinant Rosetta-TbrA was constructed with the expres-
sion vector pET28a. After induction, the cell-free extracts of
Rosetta-TbrA and Rosetta-pET28a (with empty vector only)
were used for in vitro catalytic assays. First, we used CAA as a
substrate to test TAA formation. Using a constant level of
Rosetta-TbrA cell-free extract and a CAA concentration gradi-
ent from 2 to 20 mMm, TAA formation was found to increase as
CAA concentration increased. TAA formation was not
detected in the Rosetta-pET28a cell-free extract (Fig. 6A).
Meanwhile, when the CAA level was constant (10 mMm), increas-
ing the content of Rosetta-TbrA cell-free extract also resulted
in increasing TAA formation. Rosetta-pET28a cell-free extract
showed no enzymatic activity (Fig. 6B). These results demon-
strated that TbrA could catalyze CAA into TAA. Next, we used

Native plasmid distribution and CT-A (TAA) production in B. thuringiensis CT-43 and its plasmid-deficient mutants
Plus and minus signs indicate the presence and absence of relevant plasmid, respectively.

Class 2 Class 3
Plasmid Size Class 1: CT-43 (CT-A) CT-43-55(CT-A) CT-43-62 (CT-A) CT-43-1c(no CT-A) CT-43-7 (no CT-A) Class4:F15 (no CT-A)
bp
pCT281 281,231 + + + — — _
pCTI127 127,885 + - - + 4 _
pCT83 83,590 + + + + + +
pCT72 72,074  + + + + + +
pCT51 51,488 + + + + - +
pCT14 14,860  + + + + + +
pCT9547 9,547 + + + + + +
pCT8513 8,513 + + + + + +
pCT8252 8,252 + + + + + +
pCT6880 6,880 + + + + + +
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TABLE 2

Design of full sequence-wide gene deletions in plasmid pCT281 of B.
thuringiensis CT-43

The full sequence of plasmid pCT281 (~281 kb) was divided into 28 regions (every 10 kb
from O to 281 kb). Primer locations in each region defined the deleted sequence range,
within which certain genes that were functionally unidentified or predicted to be bio-
synthesis-related were targeted and described according to the National Center for
Biotechnology Information (NCBI) database. The primer locations in blue and red rep-
resent the completed constructions of gene-knockout recombinant vectors and the
further completed transformations of relevant vectors into strain CT-43, respectively.
The targeted genes in green were successfully deleted genes.

R(elﬁl:)m Prlme(rhlpo)catlon Targeted gene (bp) Annotation
0-10 4,531-5,689 CT43 RS28695 (5,073-5,887) Acetyltransferase
10-20 13,776-16,869 CT43 _RS28750 (14,637-15,479) N-hydroxyarylamine
O-acetyltransferase
20-30 20,514-25,397 CT43_RS28780 (23,111-24,127) Hypothetical protein
30-40 32,899-36,089 CT43_RS28845 (33,847-35,151) Large protein of pyocin
AP41
40-50 40,970-42,448 CT43_RS28875 (40,970-42,613) Peptide ABC transporter
substrate-binding protein
50-60 52,710-54,104 CT43_RS28930 (53,158-53,949) Glyoxalase
CT43_RS28975 (59,909-60,838) Membrane protein
60— 70 -
70 - 80 71,325-76,273 CT43_RS29025 (71,827-72,309) Thiol reductase
thioredoxin
CT43_RS29030 (72,350-73,495) Membrane protein
CT43_RS29035 (73,952-74,635) CAAX amino protease
CT43_RS29040 (74,967-75,212) Hypothetical protein
80-90 88,445-94,002 CT43 RS29110(87,914-91,933) Hypothetical protein
90-100 92,971-98,351 CT43_RS29130 (96,768-97,682) Hypothetical protein
100110 101,377-106,179 CT43 RS29170 (101,904-102,701) Hypothetical protein
110-120  109,853-116,412  CT43_RS29230(110,925-111,791) Hypothetical protein
CT43_RS29235(111,793-112,725) Hypothetical protein
CT43_RS29240(112,718-114,151) Hypothetical protein
120 - 130 122,324-128,270  CT43_RS29290 (123,493-124,440) Hypothetical protein
CT43_RS29295 (125,157-126,293) Hypothetical protein
130-140 —
140 - 150 142,687-150,992 CT43 RS29365 (144,308-145,078) Hypothetical protein
CT43_RS29375 (146,293-147,219) Hypothetical protein
CT43_RS29380 (147,555-147,818) Hypothetical protein
CT43 RS29385 (147,969-148,159) Hypothetical protein
CT43_RS29390 (148,625-149,470) Hypothetical protein
150 - 160 150,376-155,559  CT43_RS29405 (150,990-151,547) Hypothetical protein
CT43_RS29410 (151,544-152,356) Hypothetical protein
CT43_RS29415 (152,386-153,207) Hypothetical protein
CT43_RS29420 (153,185-153,829) Hypothetical protein
CT43_RS29425 (153,878-154,843) Hypothetical protein
160170  161,598-167,065  CT43_RS29470 (162,054-163,763) Hypothetical protein
CT43_RS29475 (164,450-165,919) Hypothetical protein
170-180 —
180190  182,638-188,634  CT43_RS29560 (185,210-185,389) Hypothetical protein
CT43_RS29565 (186,139-187,230) SAM-dependent
methyltransferase
CT43_RS29570 (187,246-187,473) Hypothetical protein
190 — 200 191,690-196,065  CT43_RS29590 (193,761-194,474) Hypothetical protein
CT43_RS29595 (194,811-195,440) Hypothetical protein
200-210  202,638-209,734  CT43_RS29640 (203,322-203,966) Hypothetical protein
CT43_RS29655 (204,586-205,044) Hypothetical protein
CT43_RS29660 (205,035-205,472)  2-oxoglutarate
dehydrogenase
CT43_RS29670 (206,029-207,120) Hypothetical protein
CT43_RS29675 (207,428-207,745) Hypothetical protein
CT43_RS29680 (207,742-208,119) Hypothetical protein
CT43_RS29685 (208,203-208,718) Hypothetical protein
210-220  210,307-215,631 CT43 _RS29700 (211,256-211,669) Hypothetical protein
CT43_RS29705 (212,066-212,881) N-hydroxyarylamine
O-acetyltransferase
220-230  221,829-227,128  CT43_RS29750 (222,173-223,084) Hypothetical protein
230-240  236,659-237,609  CT43_RS29805 (236,659-237,609) Membrane protein
240-250  237,424-243,455  CT43_RS29815 (238,463-238,855) Hypothetical protein
CT43_RS29820 (239,175-240,491)  Amidohydrolase
CT43_RS29825 (241,127-241,660) Membrane protein
250-260  251,143-256,495  CT43_RS29870 (252,117-254,486) Hypothetical protein
CT43_RS29880 (255,935-256,168) Hypothetical protein
260-270  261,100-266,416  CT43_RS29890 (261,048-262,778) Methyl-accepting
chemotaxis protein
CT43_RS29895 (263,615-264,109) Potassium transporter
CT43_RS29900 (264,114-265,313) Potassium transporter
270-281  274,668-279,260  CT43_RS29925 (274,653-275678) Appr-1-p processing

CT43 RS29930(275,693-276,325)

protein
Hypothetical protein

“ No genes were targeted in this region.

TAA as a substrate to test CAA formation. As shown, CAA
was detected in cell-free extracts of Rosetta-TbrA but not
Rosetta-pET28a (Fig. 6, C and D), which demonstrated that
TbrA catalyzes a reversible reaction from CAA to TAA, and
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the equilibrium favors isomerization into TAA (Fig. 6, E and
F). Moreover, thrA deletion abolished in vivo TAA formation
in mutant BMB2451-AtbrA, as observed by Q-TOF-MS anal-
ysis (Fig. 5C). Together, these results demonstrated that
TbrA has aconitate isomerase activity that mediates TAA
formation in B. thuringiensis.

TbrB Is a Membrane Transporter of TAA in B. thuring-
iensis—To determine the subcellular localization of TbrB, a
putative membrane protein, we generated a fusion gene con-
struct by connecting tbrB ORF to the green fluorescent protein
(gfp) gene under the control of the thrA promoter region (Fig.
7A). This construct was then transformed into BMB171, result-
ing in recombinant BMB-TbrB-GFP expressing a TbrB-GFP
fusion protein. As shown in Fig. 7B, an obvious green fluores-
cent signal indicating TbrB-GFP localization appeared specifi-
cally at the cell membrane of BMB-TbrB-GFP. In the control,
GFP was distributed uniformly inside the cells of BMB-GFP.
This result demonstrated that TbrB is a membrane protein of
B. thuringiensis.

Q-TOEF-MS analysis of the intracellular contents of strain
BMB2451-AtbrB revealed the presence of TAA (Fig. 5C), indi-
cating active TAA formation despite tbrB function in vivo.
However, TAA presence in the extracellular fraction of
BMB2451-AtbrB was significantly reduced compared with
BMB2451, where tbrB was functional (Fig. 54). Furthermore,
tbrB copy number was increased in recombinant BMB2451-
tbrB, which was constructed based on the BMB2451 strain.
This strain showed a substantially higher level of TAA in the
culture supernatant than BMB2451 (Fig. 7C), in agreement
with reports that the introduction of additional transporter
genes into metabolite-producing bacteria could significantly
promote product yield (49). Together, these results demon-
strated a TAA membrane transporter role for the TbrB protein
of B. thuringiensis.

The Biological Processes of TAA Biosynthesis in B. thuring-
iensis—TAA biosynthesis through an isomerous pathway in
B. thuringiensis is proposed in Fig. 8. First, the substrate of aco-
nitate isomerase, CAA, is formed as an intermediate through
citric acid dehydration by aconitase (ACO) in the TCA cycle.
Instead of being hydrated to isocitric acid by further action of
ACO, a portion of CAA is isomerized into TAA by the TbrA
protein. Although the isomerization is reversible, TbrA isomer-
ase equilibrium favors TAA. The membrane-anchored TbrB
protein transports TAA out of cells, resulting in extracellular
accumulation of TAA.

Distribution of TAA Biosynthetic Gene Cluster in the B. cereus
Group—To determine whether other B. cereus group bacteria
have the potential to produce TAA, we investigated the pres-
ence of the identified TAA genes in the B. cereus group. As
shown in Table 3, a 2,097-bp sequence comprising a 1,074-bp
tbrA ORF sequence, an 111-bp intergenic region, and a 912-bp
tbrB ORF sequence (Fig. 4A4) is found in B. thuringiensis and
B. cereus bacteria. All targets are located on plasmids except for
strains whose genomes were incomplete. In addition, two
transposase genes were found at both ends of the TAA gene
cluster (Fig. 44), indicating possible acquisition of the TAA
biosynthetic gene cluster by B. cereus and B. thuringiensis bac-
teria through horizontal gene transfer.
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FIGURE 4. Bioinformatics analysis of putative TAA biosynthesis-related (tbr) genes tbrA and tbrB in B. thuringiensis CT-43. A, gene organization of the tbr
operon region on plasmid pCT281. Two transposase genes are shown in blue; putative aconitate isomerase gene tbrA and predicted membrane protein gene
tbrB are shown in yellow and red, respectively. Double-headed black arrows indicate the deleted regions within tbrA and tbrB ORFs in gene deletion experiments.
Two pairs of inverted green arrows indicate the amplifying regions in the operon analysis experiment of tbrA and tbrB genes, and the sizes of the amplification
products F1R1 and F2R2 are provided. B, sequence alignment of TbrA protein of B. thuringiensis CT-43 with PrpF protein from S. oneidensis MR-1. The alignment
was performed using ClustalX and highlighted using ESPript version 3.0. Identical residues are shown in red, and residues with similar side chains are boxed. C,
operon analysis of tbrA and tbrB genes in B. thuringiensis CT-43 by reverse transcription PCR. gDNA, the genomic DNA of strain CT-43. D, schematic of the
putative transmembrane protein ThrB. Ten transmembrane helices of TbrB are shown in green. The L-rhamnose-H™ transporter (RhaT) domain that locates at
the amino terminus of ThrB protein (aa 1-284) is indicated in dark green, and the rest of the carboxyl-terminal sequence (aa 285-303) is shown in light green.

Discussion

Despite its relationship to central metabolism, TAA biosyn-
thesis and biofunction have remained unclear since its discov-
ery almost a century ago. In this study, we discovered a novel
biological role of TAA (also named CT-A before the structure
identification; Fig. 2) as a nematicidal molecule of the B. thur-
ingiensis bacterium and revealed how this small metabolite is
biosynthesized.

TAA is an unusual cellular metabolite, and thus the fact that
B. thuringiensis synthesizes and secretes large amounts of TAA
suggests a specific purpose (e.g. use of TAA as a nematicidal
factor). TAA is not necessary for basic biological metabolisms
and is known to strongly inhibit the activity of aconitase (25).
When intracellular TAA accumulates, the cell must clear it
through methylation (50) or transport to avoid inhibition and
maintain the normal operation of the TCA cycle. Thus, TAA
biosynthesis does not appear to be necessary for central metab-
olism. With the newly identified nematicidal activity of TAA,
we can now reasonably answer why B. thuringiensis produces

3522 JOURNAL OF BIOLOGICAL CHEMISTRY

high levels of TAA and reveal it as a novel virulence factor of
this nematode pathogen. CAA, which is an essential cellular
metabolite, has a pH similar to that of its isomer TAA but dis-
played a much weaker nematicidal effect (Fig. 3B). This further
suggests that TAA is a specifically produced molecule whose
trans-conformation contributes to its nematicidal activity.

We noticed similar effects contributed by the specific trans-
structure of TAA. For example, in vitro, TAA inhibited the
growth and transformation of Leishmania donovani, the etio-
logical agent of kala-azar, whereas CAA had no effect (51, 52).
In barnyard grass, a high endogenous TAA level was revealed
to function as an antifeedant of rice brown planthopper, and
CAA was determined to be non-functional (33). In addition,
TAA has an anti-edematogenic effect (53) that may be due to
its unexpected specific inhibitory effect on human phospho-
diesterase 7 (PDE7) (54), an inflammatory disease-associated
enzyme. Based on these reports, we conclude that TAA is a
multifunctional natural product despite its simple molecular
structure.
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FIGURE 5. Genetic verification of the TAA biosynthetic gene cluster. A, HPLC analysis of TAA in the culture supernatants of BMB2451 (pink line), BMB2451-
AtbrA (dark green line), BMB2451-AtbrB (blue line), BMB2451-AtbrA:tbrA (red line), and BMB2451-AtbrB:tbrB (black line) recombinant strains. TAA standard (purple
line) and the supernatant extract of BMB171 with empty vector pHT304 (light green line) were used as positive and negative controls, respectively. B, Q-TOF-MS
confirmation of TAA production by heterologous expression of the tbr operon in BMB2451. C, Q-TOF-MS analysis of TAA presence in intracellular and
extracellular fractions of BMB2451-AtbrA and BMB2451-AtbrB mutants. The m/z 173.0090 ion indicating the mass of [M — H] ~ patterned aconitic acid was used
to extract a TAA signal from the total ion chromatograms (TIC). Retention times of extracted CAA (green peak) and TAA (pink peak) signals are provided. AU,

absorbance units.

To our knowledge, this is the first report demonstrating the
cellular TAA biosynthetic pathway in microorganisms. In 1961,
Rao and Altekar (27) proposed the existence of a new enzyme
catalyzing the interconversion of aconitates and named it aco-
nitate isomerase. In 1971, Klinman and Rose prepared an aco-
nitate isomerase sample from the total protein of Pseudomonas
putida cells and determined its kinetic properties (28) and reac-
tion mechanism (55). Since then, Pseudomonas has been the
only reported TAA-metabolizing bacteria; few studies have
focused on identification of relevant DNA determinants or
characterization of the TAA biosynthesis pathway. Here,
through genetic and biochemical methods, we determined that
the hypothetical protein-encoding gene tbrA is an aconitate
isomerase gene that is responsible for intracellular TAA forma-
tion in the B. thuringiensis bacterium. For extracellular accu-
mulation, the thrB gene encoding a transporter containing a
10-transmembrane helix is required (Fig. 8). According to Klin-
man and Rose (28), the molecular mass of the putative aconitate
isomerase from P. putida was 78 = 10 kDa, which is signifi-
cantly larger than the 38.13-kDa mass of TbrA in B. thuringien-
sis. This finding indicates that although they drive the same
type of reactions, aconitate isomerases from these two bacteria
differ in sequence, suggesting possible species-specific origins.
PrpF was proposed to work with an aconitase-like (AcnD)
enzyme in the 2-methylcitric acid cycle and to isomerize
2-methyl CAA and 2-methyl TAA (43). Because 2-methyl aco-
nitic acids are not commercially available, the isomerase activ-
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ity of PrpF protein is unverified. Characterization of the aconi-
tate isomerase function of TbrA, the homologous protein of
PrpF, could support the putative 2-methyl aconitate cis/trans-
isomerase role of PrpF protein.

B. thuringiensis and B. cereus are B. cereus group bacteria
that inhabit diverse environments, including soil, freshwater,
invertebrates, and insectivorous mammals (56). Compared
with B. subtilis, a plant-associated bacterium, B. thuringiensis
and B. cereus strains contain more nitrogen metabolism-asso-
ciated genes than those in carbon metabolism, indicating that
their hosts are likely to be animals (57, 58). Nematodes are the
most abundant soil metazoans. Most nematodes in soil are bac-
teria feeders, and generally 90 —99% of nematode habitats have
high microbial activity (59). Thus, a soil environment repre-
sents a suitable place for the interactions of bacteria and nem-
atodes, where diverse virulence factors are produced and oper-
ate. The distribution of the TAA biosynthetic gene cluster in
B. thuringiensis and B. cereus (Table 3) suggests the potential to
produce high levels of nematicidal TAA in these strains. The
transposase genes at both ends of the cluster enable the mobil-
ity of the TAA biosynthetic genes. These findings indicate that
TAA may contribute to bacteria toxicity, synergistically with
other active elements, such as Cry toxins or metalloproteinases,
in soil bacteria-nematode interactions. Although the nemati-
cidal mechanism of TAA is unclear, we hypothesized it to be
metabolism-associated. TAA inhibition of aconitase would
limitisocitric acid production in the TCA cycle (26, 52, 60). The
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FIGURE 6. Enzymatic assays of aconitate isomerase activity of TbrA protein. Cell-free extracts of induced Rosetta-TbrA and Rosetta-pET28a (control)
recombinants were used for in vitro catalytic reactions. When CAA was used as substrate (A and B), TAA formation was tested by HPLC with varying CAA
substrate concentrations of 2, 5, 10, 15, and 20 mm (A) and different relative enzyme concentrations of 0.05, 0.067, 0.1, 0.2, and 0.5 (B). Similar assays were
performed when TAA was treated as substrate (Cand D). The efficiencies of using CAA and TAA substrates to synthesize TAA and CAA products by TbrA protein
were compared with different conditions of substrate (E) and enzyme (F) concentrations. Data are means = S.D. (error bars).

operation of a glyoxylate shunt, an essential pathway for the
survival of parasites during infection (49, 61), may thus be
affected in the J2s of M. incognita, where the glyoxylate shunt is
highly expressed and dependent (62). This is because isocitric
acid is a substrate of the first enzyme, isocitrate lyase, in the
glyoxylate shunt (49). Combined with the above-mentioned
inhibitory effect of TAA on parasite Leishmania spp., these
facts raise interesting scientific issues, such as whether the
glyoxylate shunt can be significantly influenced by TAA or
whether TAA has broad activity in glyoxylate shunt-dependent
parasites. Although TAA has long been used as an industrial
material, these established bioactivities for TAA have potential
in promoting its future biological usage in agricultural pest
management.

Experimental Procedures

Bacterial Strains, Plasmids, and Culture Conditions—The
bacterial strains and plasmids used in the present study are
listed in Table 4. All E. coli and B. thuringiensis strains were

3524 JOURNAL OF BIOLOGICAL CHEMISTRY

cultured in Luria-Bertani (LB) medium at 37 and 28 °C,
respectively. When appropriate, antibiotics were added at
the following final concentrations: 100 ug/ml ampicillin, 25
pg/ml erythromycin and chloramphenicol, and 50 wg/ml
kanamycin.

CT-A (TAA) Extraction, Purification, and Detection—The
extraction procedure for crude CT-A (TAA) was identical to
that for thuringiensin (21). Samples were stored at 4 °C until
use. For CT-A (TAA) purification, sufficient crude sample was
first prepared from the CT-43-55 strain over other strains that
produce thuringiensin. Purification was carried out using two
rounds of preparation with an HPLC system consisting of a
Waters 1525 pump, a Waters 2489 UV-visible detector, and a
Waters SunFire™ prep C18 OBDTM column (150 X 19 mm, 5
pm; Waters Corp.). In the first round, crude CT-A (TAA) was
dissolved in deionized water and carried by a mobile phase con-
taining 10% methanol and 2% acetic acid. The CT-A (TAA)
peak was collected and concentrated under reduced pressure
using rotary evaporators. Procedures in the second round were
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FIGURE 7. Characterization of TbrB as a TAA transporting membrane protein. A, construction schematic of TbrB-GFP fusion protein. SOE-PCR was performed to
connect the promoter region of tbrA (P,,,,), the tbrB ORF (red), a 10-aa peptide linker-encoding sequence (blue), and the gfp ORF (green). Primers are highlighted in
different colors to indicate individual overlapped regions. B, fluorescence image of BMB-TbrB-GFP showed membrane location of TbrB-GFP protein. BMB-GFP cells
were used as control. Scale bar, 2 um. C, TAA production was substantially promoted in recombinant BMB2451-tbrB by introducing additional copies of the tbrB gene
into BMB2451 (**, p < 0.01; *, p < 0.05; one-way ANOVA followed by Tukey’s honest significant difference test). All data are means = S.D. (error bars).
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FIGURE 8. Model of the TAA biosynthetic pathway in B. thuringiensis. The
TCA cycle synthesizes CAA through citric acid dehydration by ACO (gray).

Instead of further hydration to isocitric acid by ACO, a portion of CAA is
isomerized into TAA by aconitate isomerase TbrA (pink), which catalyzes the
reversible reaction from CAA to TAA but favors the equilibrium for TAA, as
indicated by the thicker black arrow. Intracellular TAA is then transported
outside cells by the membrane-anchored TbrB protein (yellow), resulting in
extracellular accumulation of TAA.

similar to the first round, except for the mobile phase (30%
acetonitrile and 0.05% formic acid). Finally, the sample was dis-
solved in deionized water and freeze-dried into powder. The
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purity of the resulting CT-A (TAA) met the requirements for
structure identification, as indicated by a single peak displayed
in six HPLC mobile phases (data not shown).

To detect CT-A (TAA) or CAA using HPLC, a similar system
was adopted as described above except for the TC-C18 column
(250 X 4.6 mm, 5 wm; Agilent). Isocratic elution of a 10-ul sample
volume was delivered at a flow rate of 1.0 ml/min and monitored at
260 nm for 10 min. To analyze the sample with LC-MS, a high
resolution LC-Q-TOF-MS system was used, which was com-
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TABLE 4
Bacterial strains and plasmids used in this study

Strain and plasmid

Description

Source or reference

DH5a
Rosetta-TbrA
Rosetta-pET28a
CT-43

CT-43-55
CT-43-62
CT-43-7
CT-43-1c

F15

BMBI171
BMB2451
BMB2451-AtbrA
BMB2451-AtbrB
BMB2451-AtbrA:tbrA
BMB2451-AtbrB:tbrB
BMB-TbrB-GFP
BMB-GFP
BMB2451-tbrB
pHT304
pHT304-TS
pMD19-T
pET28a
pET28a-tbrA
pEMB0603
pEMB0603-tbrA
pEMBO0603-tbrB
pBMB2451
pBMB2451-AtbrA
pBMB2451-AtbrB
pBMB-tbrB-gfp
pBMB-gfp

E. coli cloning host

E. coli Rosetta expressing the TbrA protein

E. coli Rosetta with empty vector pET28a

B. thuringiensis, no flagellum; TAA and thuringiensin producer
Strain CT-43 derivative; TAA producer

Strain CT-43 derivative; TAA producer

Strain CT-43 derivative; thuringiensin producer

Strain CT-43 derivative; thuringiensin producer

Strain CT-43 derivative; no TAA and thuringiensin production
Acrystalliferous mutant of B. thuringiensis

BMBI171 with plasmid pBMB2451

BMB171 with plasmid pBMB2451-AtbrA

BMB171 with plasmid pBMB2451-AtbrB

BMB171 with plasmids pPBMB2451-AtbrA and pPEMB0603-tbrA
BMB171 with plasmids pPBMB2451-AtbrB and pEMB0603-tbrB
BMB171 with plasmid pBMB-tbrB-gfp

BMB171 with plasmid pBMB-gfp

BMB2451 with plasmid pEMBO0603-tbrB

E. coli—B. thuringiensis shuttle vector

pHT304 derivative with a temperature-sensitive Bacillus replicon
E. coli cloning vector

E. coli expression vector

TbrA protein expressing plasmid

E. coli-B. thuringiensis shuttle BAC vector

pEMBO0603 with intact thrA gene

pEMBO0603 with tbrB ORF fused with tbrA gene promoter
pHT304 carrying tbrA and tbrB genes

tbrA gene deleted pBMB2451 derivative

tbrB gene deleted pBMB2451 derivative

pHT304 with tbrB-gfp fusion gene

pHT304 with gfp gene

Ref. 63
This work
This work
Refs. 34 and 35
Ref. 35
Ref. 35
Ref. 35
Ref. 35
This work
Ref. 48
This work
This work
This work
This work
This work
This work
This work
This work
Ref. 47
Ref. 21
Takara
Takara
This work
Ref. 39
This work
This work
This work
This work
This work
This work
This work

posed of an Agilent 1260 LC device attached to a dual-source
electrospray ionization ion source equipped with a G6540A
Q-TOE-MS system (Agilent). Samples were analyzed in neg-
ative ion mode using diode array detection at 260 nm. Cali-
bration was delivered using standard references with masses
of 112.9855 and 1,033.9881 Da. The quadrupole was set
to pass ions from m/z 50 to 1,500. Data were analyzed by
Agilent MassHunter qualitative analysis software version
B.05.00. CAA (Sigma-Aldrich) and TAA (Tokyo Chemical
Industry) commercial standards were purchased and used
for analysis.

Gene Deletion in B. thuringiensis CT-43—Genes in plasmid
pCT281 that were considered CT-A biosynthesis-related are listed
in Table 2. Generally, the target fragment harboring candidate
genes on pCT281 was first amplified from the CT-43 genome and
cloned into the pMD19-T vector (Takara, Dalian, China). By
digestion with appropriate restriction enzymes, the central frag-
ment of the inserted DNA was removed and replaced by a digested
spectinomycin resistance gene (spc”) fragment. The inserted DNA
on pMD19-T was cloned into a pHT304-TS vector (21) and elec-
trophoretically introduced to strain CT-43. After culturing at
42 °C, the bacteria were simultaneously incubated on spc”and erm”
solid agar plates to screen for mutants that were resistant to spec-
tinomycin but not erythromycin. Finally, the in vivo gene mutation
was verified by sequencing.

Identification and Characterization of TAA Biosynthetic
Genes—PCR primers used in this study are listed in Table 5. For
heterologous expression, a 2,451-bp PCR fragment harboring
tbrA and tbrB genes was cloned into a 6.5-kb E. coli-B. thuringi-
ensis shuttle vector pHT304 (47) to yield the pBMB2451 plas-
mid, which was then transferred into the B. thuringiensis host
BMB171 (48) to generate the recombinant strain BMB2451. To
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delete the tbrA gene, the inserted 2,451-bp DNA fragment on
pBMB2451 was transferred to the 2.7-kb pMD19-T vector at
BamHI and Sphl sites. Using this recombinant plasmid as tem-
plate, reverse PCR was performed to generate a DNA product
containing an incomplete tbrA OREF, the intact tbrB ORF, and
the vector sequence, which was then digested at the Xbal site
introduced by the reverse primers and subjected to self-liga-
tion. The shortened DNA fragment on vector pMD19-T was
transferred back to pHT304, resulting in the tbrA-deleted plas-
mid pBMB2451-AtbrA. Transforming the plasmid pBMB2451-
AtbrA into the BMB171 host generated the mutant BMB2451-
AtbrA. Similar operations were applied to construct the
tbrB-deleted mutant BMB2451-AtbrB. For tbrA gene com-
plementation, a compatible plasmid (39), recombinant
pEMBO0603-tbrA carrying a 1,868-bp PCR product containing
the intact tbrA gene, was introduced into BMB2451-AtbrA,
resulting in the complemented strain BMB2451-AtbrA:tbrA.
To complement the tbrB gene, splicing overlap extension PCR
(SOE-PCR) was performed to fuse the promoter region of thrA
with tbrB ORF, generating a 1,407-bp product that was inserted
into pEMB0603. The generated pEMBO0603-tbrB was intro-
duced into BMB2451-AtbrB, resulting in the complemented
strain BMB2451-AtbrB:tbrB.

In the operon analysis of tbrA and tbrB genes, the total RNA
of strain CT-43 was prepared and reverse-transcribed into
c¢DNA. RT-PCR was carried out with a primer pair designed to
span the interval region between the tbrA ORF and tbrB ORF
(Fig. 4A). To increase the copy number of the tbrB gene based
on BMB2451, a recombinant BMB2451-tbrB was constructed
by introducing the plasmid pEMBO0603-tbrB into BMB2451.
Supernatants of BMB2451 and BMB2451-tbrB cultures were
sampled at different time points and subjected to TAA extrac-
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TABLE 5
Primers used in this study

Restriction sites and a 10-aa peptide linker-encoding sequence in P15 and P16 primers are underlined.

Primer and description

Sequence (5'-3")

For amplifying tbr operon

P1 TATGGATCCGGATACCAAGTTGTAGGAGGTG
P2 GCCGCATGCGCTAATAGGCTTATTGCTTC
For deleting tbrA gene
P3 TATTCTAGATCCTGGTGTAGTGGAAATTCG
P4 GCCTCTAGAGTCATCCCTAAGATTGCGGT
For deleting tbrB gene
P5 TATTCTAGAAGGGACTAAGAATAGAAAAGG
P6 GCCTCTAGAAGAAGGGCAGCAAGTTCA
For complementing tbrA gene
P7 TATGGATCCCCGTGAAGCGTCTCATCCTAG
P8 GCCAAGCTTCTGCTCTTGTCGCACGTCTCG
For complementing tbrB gene
P9 TATGGATCCCCGTGAAGCGTCTCATCCTAG
P10 GTCGCTTTTTTAAGATTATCCATTTATTAGCATCTCCTTTTTATG
P11 CATAAAAAGGAGATGCTAATAAATGGATAATCTTAAAAAAGCGAC
P12 GCCGCATGCGCTAATAGGCTTATTGCTTC
For analyzing tbr operon
F1 GATTAAAGTCGGGTCAGG
R1 CTGCTGATAATGCGAGCG
F2 TCGCTCGCATTATCAGCAG
R2 TGTCGCACGTCTCGTCTTT
For amplifying tbrA ORF
P13 GGAATTCCATATGATGAAAATACCTTGTTTTGTT
P14 GCCCTCGAGAGGTATTATTAATTCGCCTTT
For constructing tbrB-gfp fusion gene (also P7, P10, and P11)
P15 GCCACCTCCGCCTGAACCGCCTCCACCTGATGAACTTGCTGCCCTTCTTTG
P16 TCAGGTGGAGGCGGTTCAGGCGGAGGTGGCATGAGTAAAGGAGAAG
P17 ACATGCATGCTTATTTGTATAGTTCA
For identifying pCT6880 of strain CT-43
P6880-1 GCTAACAGCATTAGGTGTGC
P6880-2 GCATATGTGGTGTCGCTTC
For identifying pCT8252 of strain CT-43
P8252-1 CGATTGAAGAGACGTGTAG
P8252-2 CAGAGGATCTCAATCCTAAG
For identifying pCT8513 of strain CT-43
P8513-1 CGCAACGATGATGGAAGCA
P8513-2 CATTCTACCTTCAGCATCACC
For identifying pCT9547 of strain CT-43
P9547-1 GGAATGAGATGGTCGAATC
P9547-2 GCATGTAGAGAACGTACAGC
For identifying pCT14 of strain CT-43
P14-1 TCGTCAGCATTCATTTGAGC
P14-2 GGGTTATCCGTTATATCCTG
For identifying pCT51 of strain CT-43
P51-1 CACTGGAATGGTGATGTAGA
P51-2 GTATCAGGCATCTTCTGCAC
For identifying pCT72 of strain CT-43
P72-1 ATCGGTACAACTGGTTCAGG
P72-2 GATGTTGCGGTATGCTAATC
For identifying pCT83 of strain CT-43
P83-1 GAAGACGGTAATGGATGAAG
P83-2 GCTGCTATACCAATAGACG
For identifying pCT127 of strain CT-43
P127-1 CAACGAATGTAGTGAACGG
P127-2 CGTCGCTAGGGTAACTATAG
For identifying pCT281 of strain CT-43
P281-1 GGAGAGTCTGGATTCGT
P281-2 GCGATGTCACCTATCGTTG

tion as described above. The TAA level was quantified by HPLC
and calibrated using the optical density of the cell culture at 600
nm (Agy,). All of the PCR products amplified in this study were
verified by sequencing.

Enzymatic Assay of Aconitate Isomerase Activity of TbhrA
Protein—The gene tbrA was amplified from the genomic DNA
of B. thuringiensis CT-43 and cloned into Ndel and Xhol sites
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of the expression vector pET28a to generate a recombinant
plasmid pET28a-tbrA, which was then transformed into E. coli
Rosetta to yield a recombinant Rosetta-TbrA for TbrA-induc-
ible expression. The Rosetta-TbrA strain was cultured in 5 ml
of LB medium with kanamycin and chloramphenicol at 37 °C
for 4 h and transferred into 100 ml of LB medium with an
appropriate amount of antibiotics in a ratio of 1:100 and cul-
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tured for 3 h, followed by the addition of 0.1 mm isopropyl-B-
D-thiogalactoside (final concentration). The TbrA protein was
induced at 28 °C for 6 h. Cells were harvested and resuspended
in precooled 50 mm Tris-HCl buffer (pH 8.0) with 10% glycerol;
the cell-free supernatant of the Rosetta-TbrA strain was col-
lected by centrifugation after high pressure shaking at 4 °C. To
test the aconitate isomerase activity of the cell-free extracts of
the Rosetta-TbrA strain, CAA and TAA standards (adjusted
with 5 M NaOH to pH 7.0) were used as substrates. Two control
reactions, one lacking the substrate component and one lacking
the cell-free extract component (enzyme), were also performed
to calibrate the original presence of TAA and CAA in the cell-
free extracts and the non-enzymatic isomerization between the
two isomers. The reaction was conducted in a 500-pul test vol-
ume at 37 °C for 30 min and terminated by the addition of 20 ul
of 6 M HCI. The reaction products were analyzed by HPLC in a
mobile phase containing 10% methanol and 0.1% formic acid.
The recombinant Rosetta-pET28a harboring the empty vector
pET28a was treated with the same induction and culture oper-
ations as the negative control strain throughout the enzymatic
assays.

Fluorescence Microscopy—SOE-PCR was performed to con-
struct the tbrB-gfp fusion gene that comprised the promoter
region of tbrA, the tbrB ORF, a 10-aa peptide linker-encoding
sequence, and the gfp ORF (Fig. 7A). The fusion gene was intro-
duced into host BMB171 by pHT304 vector to generate the
recombinant BMB-TbrB-GFP. The bacteria was grown in LB
medium at 28 °C for 24 h, and 1 ml of the cell culture was
centrifuged, washed with 1X PBS buffer (pH 7.4), and resus-
pended in 0.5 ml of PBS. The strain BMB171-GFP, which
constitutively expresses GFP protein, was used as a control
and subjected to the same treatments. Cells were visualized
and photographed using a Nikon structured illumination
superresolution microscope (N-SIM). Images were pro-
cessed using NIS-Elements advanced research microscope
imaging software.

Nematode Bioassay—The root knot nematodes M. incognita
were maintained on tomato roots (Solanum lycopersicum L., cv.
Rutgers). Sixty days after nematode inoculation, egg masses of M.
incognita were collected and sterilized with sodium hypo-
chlorite and hatched in sterilized deionized water into J2s at
20 °C for 3 days. In the bioassay performed in 96-well plates,
each well contained 20-40 J2s in a 100-pul test volume. The
nematicidal effects of CT-A (TAA) extracts and CAA and
TAA commercial standards were tested. Sterilized deionized
water was used as a control. Treatments and bioassays were
performed in triplicate. After 72 h, both total and living nem-
atode numbers were recorded.

Bioinformatics Analysis—The antiSMASH database (ver-
sion 3.0.5) and the batch Conserved Domain Search service
(CD-Search) were used to identify secondary metabolite bio-
synthetic gene clusters and isomerase genes on plasmid
pCT281, respectively. The protein sequence alignment of
TbrA from B. thuringiensis CT-43 and PrpF from S. oneiden-
sis MR-1 was performed using ClustalX and highlighted
using ESPript version 3.0. The transmembrane helix predic-
tion of the TbrB protein was conducted using the TMHMM
Server version 2.0. Protein BLAST and nucleotide BLAST
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were used to analyze the distribution of the TAA biosyn-
thetic gene cluster among all genome sequences of the
B. cereus group strains in GenBank™™.

Statistical Analysis—One-way ANOVA with Tukey’s honest
significant difference test was performed to identify statistically
significant differences in TAA production by B. thuringiensis
strains. In nematode bioassays, the LC, values were calculated
by probit analysis. IBM SPSS (Statistical Package for the Social
Sciences) software version 20.0 was used for these analyses.
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