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ABSTRACT

Psendomonas syringae pv. tomato strain DC3000 (DC3000) is a gram-negative bacterial plant pathogen that causes disease on tomato
and the model plant Arabidopsis thaliana. Interestingly, previous studies showed that malate:quinone oxidoreductase (Mqo), an
enzyme in the citric acid cycle, is required for DC3000 to cause disease on these plants. In addition, growth of DC3000 lacking
the zqo gene in minimal medium with malate was significantly delayed, but eventually reached wild-type levels of growth, which is
similar to growth in planta. This suggests that malate may be an important carbon source for DC3000. One reason the #qo: KO
bacteria may be able to reach wild-type levels of growth in culture and plants is that the DC3000 walic enzyme may be used to
complete the citric acid cycle. Our research shows that a mutant strain lacking a functional »qo gene and malic enzyme gene

(mqo: KO;ME::p]P) fails to grow in minimal media cultures with malate and has reduced growth in media with citrate, indicating
that both Mqo and ME are required for normal growth when utilizing these carbon sources. Future studies looking at growth of
this double mutant in plants will identify how important the activities of both of these genes are for DC3000 to cause disease in
plants.
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INTRODUCTION

With population growth and urbanization on the rise wotldwide, there is less land left for farming and a growing demand for
healthy crops. Because of this, it has become increasingly important to understand how plant pathogenic bacteria such as
Pseudomonas syringae cause disease in crops. Not only does this pathogen have the potential to affect crop yields, it also has similar
virulence mechanisms to many human pathogens, such as Psexdomonas aernginosa, which is an opportunistic pathogen that can be
life threatening.! By studying virulence in this model bacterium, understanding of related bacterium can be gained.

Psendomonas syringae pv. tomato DC3000 (DC3000) is a gram-negative bacteria that causes bacterial speck disease on plants such as
Arabidopsis thaliana through colonization of the apoplast.?3 DC3000 utilizes a Type 111 secretion system with a syringe-like
apparatus that injects virulence factors into plant cells to manipulate cellular activities and benefit the pathogen.® 5 ¢ Disease
symptoms induced by DC3000 include necrotic patches or lesions and chlorosis (yellowing), which are characteristics of speck
disease.37

Malate:quinone oxidoreductase (Mqo) is a flavin adenine dinucleotide (FAD)-dependent membrane associated protein. Mqo
serves two functions within most organisms. First, Mqo catalyzes the oxidation of malate to oxaloacetate in the Tricarboxylic acid
cycle (TCA) allowing for the regeneration of oxaloacetate.® ® Secondly, Mqo is found within the electron transport chain. While
other enzymes of the TCA cycle utilize NAD as an electron acceptor, the oxidation of malate to oxaloacetate by Mqo donates
electrons to quinones of the electron transport chain.? After donation the quinones ate required to be oxidized to recycle the
enzyme for further use.’

Surprisingly, previous studies showed that Mqo is required for DC3000 to cause disease on Arabidepsis thaliana® When the
DC3000 g0 gene was replaced with an antibiotic resistance gene to create the #g0:KKO strain, growth of the bacteria in plants
was delayed. However, the bacteria would reach wild-type levels four days after inoculation.’® Even with the bacteria reaching
wild-type levels of growth, disease symptoms in the #¢0:KO infected plants never reached the severity of the plants infected with
wild-type bacteria. This suggests that bacteria must reach a certain growth during infection for disease symptoms to develop to
the severity of wild-type levels.!? Decreased growth and a slow recovery was also seen in culture when malate was the only carbon
source, suggesting that Mqo may be needed to utilize malate during growth in the apoplast.’® The mutant grew similar to wild-type

AJI]R Volume 13 | Issue 2 | June 2016 65




DC3000 in citrate and rich media.® The ability of the 7go: KO mutant to eventually reach wild-type levels of growth in plants and
in culture suggests an alternative pathway for which malate is processed in 7g0:KO.

There are several possible alternative pathways for DC3000 utilization of malate without a functioning Mqo enzyme. In
Corynebacterium glutamicum, mqo disruption reduces growth on various TCA cycle intermediates, but with the addition of
nicotinamide, Malate dehydrogenase (Mdh) is able to maintain the conversion of malate to oxaloacetate.!! Finding both a g0 gene
and mdh gene in bacteria is quite common as it is not only seen in C. glutamicnm but also E. coli and B. subtilis.*%3 B. subtilis is both
different and unique because it lacks g, causing it to fully depend upon mdh and the pyruvate shunt (formed by malic enzyme
and pyruvate decarboxylase) to generate oxaloacetate.’? The shunt works by moving malate to pyruvate, which then cycles back
through the TCA cycle with generation of oxaloacetate coming from pyruvate decarboxylase.’? However, unlike the previously
mentioned bacteria, Pseudomonas aernginosa utilizes two Malic enzymes (ME) in the absence of Mqo. The first one lacks specificity
for NAD or NADP while the second one relies heavily upon NADP for the movement of electrons. This bacterium is also

capable of growing aerobically with ethanol as the only carbon and energy source, utilizing a pathway not found within DC3000.%
10

Searches of DC3000 genomic DNA indicated that the bacteria lacks an #dh gene, suggesting a possible reliance on a different
enzyme in 7go: KO strains.® 10 DC3000 is predicted to have a NAD-dependent malic engyme (ME; PSPTO_3924), which has 64%
amino acid identity and 79% similarity to the NAD-dependent walic engyme from E. coli. Thus, we hypothesized that the DC3000
Malic enzyme was converting malate to pyruvate in the mgo: KO mutant, allowing slow growth to eventually wild-type levels.1?

To test this hypothesis, a double mutant strain of DC3000 lacking both functional Mqo and ME was made and growth of this
double mutant (as well as a single mutant lacking ME) was compared to wild-type DC3000 and the #go: KO mutant in minimal
media cultures. It was hypothesized disruption of just the ME gene would not have a significant effect on growth of the bacteria,
while the zgo: KO;ME::p]P double mutant will grow very minimally when malate is the only available carbon source. Similar to
what was found with the mgo: KO mutant, it was predicted that growth on citrate would be unaffected or slightly reduced.

METHODS AND PROCEDURES

Bacterial strains, vectors, and cloning.

In order to disrupt the ME gene in wild-type DC3000 and the 7¢0:KO mutant strain, a suicide vector (pJP5603) was inserted into
the ME gene in both strains (Figure 1). All strains and vectors used in this study are listed in Table 1. A 639 bp fragment of the
ME gene was PCR amplified using Pfu Ultra II polymerase (Agilent Technologies, Santa Clara, CA) from DC3000 genomic
DNA, isolated with a genomic DNA purification kit (Promega, Madison, WI). The primers used were: ME forward 5’
CTATGGATCCTTGTTCATTTCTTACCCTGAG 3’ and ME reverse 5> GCAATCTAGAACGATCCACCATGAAAATAC 3.
The PCR product was then ligated into a pCR Blunt vector (Invitrogen, Catlsbad, CA). Transformations were completed with the
pME-Blunt plasmid into competent E. /. The vector was purified with a Promega Wizard Miniprep Kit (Promega, Madison,
WI). A digest of the pME-Blunt plasmid with EcoRI was performed. The 639 bp fragment was separated from the vector via gel
electrophoresis and then gel purified. Next, the ME insert was ligated into the 3.126 kb suicide vector pJP5603,415 which was also
digested with EcoRI, and transformed into E. co/i. The orientation of the ME gene fragment in the pJP5603 vector was tested via
sequence analysis by ACGT, INC. (Wheeling, IL) to ensure that the LacZ promoter on the pJP5603 plasmid would not drive
expression of the disrupted ME gene after insertion into the DC3000 genome.

A triparental mating was conducted to transfer the suicide vector with the ME insert (pME-pJP5603) into the DC3000 and

mqo:: KO strains using the helper strain MM294A (pRKG600).16 To select for disruption of the ME gene, DC3000 with the pME-
pJP5603 plasmid was grown on plates with kanamycin, and the go: KO mutant with the pME-pJP5603 plasmid was grown on
plates with spectinomycin and kanamycin. The strains were single colony purified by streaking single colonies onto plates with the
appropriate antibiotics, and repeating this process three times. Frozen stocks of each strain were created.

Wild-type DC3000, ME::p]P, mq0:KO, and mgo:KO;ME::p]P strains were routinely grown by incubation for two days at 28°C in
King’s Broth (KB) medium! unless otherwise desctibed. Antibiotics wete used at the following concentrations (in pg/ml) for P.
syringae strains: rifampin, 100; kanamycin, 25; and spectinomycin, 100. Antibiotics were used at the following concentrations for E.
coli strains: kanamycin, 25 pg/ml; spectinomycin, 80 pg/mL; and chloramphenicol, 20 pg/ml..

PCR 10 confirm disruption of the ME gene.

PCR was used to confirm the disruption of the ME gene by first purifying genomic DNA from DC3000, ME::p]P, mqo:KO, and
mqo:KO;ME:p]P using a Wizard genomic DNA purification kit (Promega, Madison, WI). The Taq Master Mix Kit (Qiagen,
Hinden, Germany) was then used to PCR amplify a region of the genomic DNA and the pJP5603 vector inserted into the
genome. Using the ME::p]P confirmation (5> CATGAGCCCACATTGATCG 3’) and pJP5603 reverse primers (5’
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GGCGATTAAGTTGGGTAACG 3’; Figure 1), with the following parameters: 94°C for 3 minutes, then cycling from 94°C for

30 seconds, 55°C for 30 seconds, and two minutes at 72°C for 35 cycles. A second PCR was conducted to confirm the absence of
the mqo gene in the 7q0:KO and mqo:KO;ME:p]P strains using #qo forward primer 5> GTGACAACATGGACCTGACC 3’ and

mqo reverse primer 5> CTCCAGCATGATCGACACC 3, with the same cycle parameters except an extension time of one minute.
PCR products were then analyzed by gel electrophoresis using 1% agarose gel at 100 Volts for approximately 30 minutes.

Growth of DC3000 strains in minimal media cultures.

To examine the ability of the bacterial strains to grow in single carbon sources, cultures of 5 mL of Hoitink Sinden media (HS)!®
with either 10 mM malate or 10 mM citrate and pH adjusted to 6.5 were added into sterile culture tubes. DC3000 strains were
grown in 5 mL KB media for two days, then 3 mL of cells from each KB culture were collected and re-suspended in 1 mL 10mM
MgSO,. Bacterial cells were washed 2 times with 10mM MgSOy and all cultures were adjusted to the same concentration (ODygoo
reading between 0.1-0.2 or 4:107 cells/mL — 8107 cells/mL). 500 pL of each strain was added to sterile tubes containing the 5 mL
of HS media supplemented with malate or citrate. Three replicates of each strain were grown in minimal media with each carbon
source, and the levels of growth were monitored every four hours over a 40 hour time period by measuring OD g absorbance
with GLOMAX Multi detection system microplate reader (Promega, Madison, WI). Three control tubes of HS and malate or
citrate without bacteria were also included. When analyzing the data, each sample was first blanked by subtracting the average
absorbance from its corresponding media-only controls. Growth curves with 95% confidence intervals were fit for the data using
local polynomial regression fitting and plotted with the ggplot2 package in R.

RESULTS

The DC3000 strains ME::p]P and mqo::KO;ME::p]P have disrupted ME genes.

Previously, a potential malic enzyme gene (ME,; PSPTO_3924) was identified in the DC3000 genome that is 1722 bp in length and
has 64% amino acid identity and 79% similarity to the malic enzyme from E. ¢o/i® It was suggested that this Malic enzyme could
convert malate to pyruvate, possibly allowing for growth of the mgo: KO mutant in minimal media containing malate. To test this
hypothesis, the ME gene was disrupted by inserting a suicide plasmid, which lacks an origin of replication that functions in
DC3000,'* in the middle of the ME coding sequence. This was accomplished by cloning a 639 bp section (bases 394 to 1032) of
the ME gene into the pJP5603 vector, and introducing this plasmid into DC3000, where the plasmid integrated through
homologous recombination (Figure 1). DC3000 cells that integrated the plasmid were selected by growth on kanamycin plates.
The resulting strains were named ME:p]P and nqo:KO;ME:p]P (Table 1).

pJP5603

yuen

ME gene

\ fragment
639 bp

ME Gene Disruption

Figure 1: Disruption of the ME gene by plasmid integration into the DC3000 genome. An internal fragment of the ME gene was cloned into the pJP5603
plasmid. The new plasmid, pME-pJP5603, was introduced to DC3000 and allowed to integrate in the middle of the ME gene coding sequence. This strategy was
used to create the single mutant ME::p]JP strain and the plasmid was introduced into the 7g0:KO strain to create the double mutant #go: KO;ME:p]P strain.
Location of the ptimers used to confirm the disruption of the ME gene are shown by the small grey arrow (pJP5603 reverse) and small black arrow (ME:p]P
confirmation).
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Strain or Plasmid

Characteristics

Reference or Source

Pseudomonas syringae strains
Psendomonas syringae pv. tomato DC3000
mqo: KO

ME::p]P

Mgo:KO;ME:p]P

Escherichia coli strains
DH5-alpha Lambda-pir
MM294A (pRIK600)

Plasmids
pJP5603

pCR Blunt
pME-Blunt
pME-pJP5603

Derivative of NCPPB1106; Rift

mqo gene replaced with Sm/Spr gene; Rif?, Spr
ME gene disrupted with pJP5603 vector

mqo gene replaced and ME gene disrupted

recA, lacZAM15, Lambda-pir
Triparental mating helper strain; Cm*

Suicide vector; Km*

Cloning vector; Km®

pCR Blunt with ME gene fragment
pJP5603 with ME gene fragment

2

10

This study
This study

19
16

14

Invitrogen
This study
This study

Table 1: Bacterial strains and vectors used in this study.

To confirm that the ME gene was disrupted in both of these strains, primers were designed that would amplify an approximately
900-1500 bp piece of DNA if the pJP5603 plasmid inserted into the ME gene, depending on exactly where the homologous
recombination event occurred (see Figure 1). It was expected that the bacterial strains whose ME gene was interrupted with a
kanamycin resistance gene (ME:p]P and mqo:KO;ME::p]P) would produce a PCR product, whereas DC3000 and #g0: KO would
not. As seen in the Figure 2 Row 2, only ME::pJP (lane 1) and mqo: KO;ME::p]P (lane 4) show a PCR product just below 1.5 kb,
verifying malic engyme gene disruption in these strains.

To confirm that the zqo gene was absent from the #q0: KO and mqo:KO;ME::p]P double mutant strains, PCR reactions with
primers that amplify within the g0 coding sequence were used. The bacterial strains whose #go gene was intact (DC3000 and
ME::p]P) produced a 275 bp PCR product, whereas the 7¢0:KO and mqgo: KO;ME:p]P strains did not have an amplified product

(Figure 2, Row 1).

Figure 2: PCR confirmation of ME gene disruption. Row 1: Lane 7 contains the NEB 100 bp ladder. Band sizes for the 100 bp DNA ladder from top to bottom
are: 1,517 bp, 1,200 bp, 1,000 bp, 900 bp, 800 bp, 700 bp, 600 bp, 500 bp, 400 bp, 300 bp, 200 bp and 100 bp. Lanes 1 through 6 contain PCR products from
amplification with the 7go RT forward + g0 RT reverse primers for the following strains: lane 1 — ME:p]P, lane 2 — mqo:KO sample 1, lane 3 — mg0: KO

sample 2, lane 4 - #go:KO;ME::p]P, lane 5 — DC3000, lane 6 — no DNA control reaction. Lanes 1 and 5 show amplification of a band of approximately 275 bp.
Row 2: lane 7 contains the NEB 1 Kb ladder. Band sizes for the 1 Kb DNA ladder from top to bottom are: 10.0 kb, 8.0 kb, 6.0 kb, 5.0 kb, 4.0 kb, 3.0 kb, 2.0 kb,
1.5 kb, 1.0 kb and 0.5 kb. Lanes 1 through 6 contain PCR products from amplification with the ME:p]P confirmation + pJP5603 reverse primers for the following
strains: lane 1 — ME:p]P, lane 2- #40:KO sample 1, lane 3 — mg0: KO sample 2, lane 4 - mgo:KO;ME:p]P, lane 5 — DC3000, lane 6 — no DNA control reaction.
Lanes 1 and 4 show amplification of a band just below the 1.5 kb band.
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ME allows growth of the mqo::KO mutant in media containing malate.

Previous studies indicated that the mqo gene is required for wild-type growth and disease in DC3000. A knockout of the 7qo gene
with a spectinomycin resistance gene (7go:KO) resulted in delayed growth in minimal media with malate, however, eventually
wild-type growth levels were reached.!® The ability for 7z¢0: KO to reach wild-type levels could be due to the activity of ME,
which converts malate to pyruvate. Therefore, the ME::pJP single mutant and mqo:KO;ME::p]P double mutant strain were
created and grown in minimal media with malate to determine the significance of the ME and mqo genes in DC3000. Growth of
all four strains (DC3000, 7qo: KO, ME::p]P, and mqo:KO;ME::pJP) in HS minimal media cultures with malate (Figure 3A)
showed, as expected, delayed growth of #ge:: KO, which reached wild-type levels by the end of 40 hours. The ME::p]P strain grew
similar to DC3000 throughout the 40 hour period, but did show a slightly longer lag phase in some experiments (not shown). The
mqo:KO;ME:p]P double mutant shows little to no growth throughout the curve (Figure 3A). Failure of mqo:KO;ME::p]P to
grow in malate indicates the double mutant’s inability to utilize malate as a carbon source.

A B

Malate Strain Citrate
—e— DC3000

~o— ME::pJP
~&— mqo::KO

—&— mqo::KO;

Log(ODgoo)

0 10 20 30 40 0 10 20 30 40
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Figure 3: Growth of DC3000, ME::p]P, 7g0:KO, and mqo:KO;ME::p]P in HS minimal media with 10mM malate (A) or citrate (B). Each point represents an
individual culture absorbance reading and the shaded area around the curves represents the 95% confidence interval. Each growth curve was replicated at least
three times with similar results.

Mqo and ME are required for growth in minimal media with citrate.

In previous studies,! the 7zgo: KO mutant did not show a growth defect when growing in HS minimal media cultures with citrate.
Thus, it was hypothesized that growth of the double mutant in minimal media with citrate as its sole carbon source would
generate a sufficient amount of ATP (which is generated by intermediates in the TCA cycle) to facilitate growth. When comparing
growth in HS minimal media with citrate, (Figure 3B) both the #go:KO and the ME:p]P had growth rates similar to wild-type
bacteria for the entire 40 hour time period. In comparison, the #qo:KO;ME::p]P strain had a much reduced growth rate
throughout the curve (Figure 3B). This indicates that in the absence of Mqo, ME is required for wild-type growth when citrate is
the only available carbon source.

DISCUSSION AND CONCLUSIONS

Previous work showed that the 7qo gene is required for virulence of the plant pathogen DC3000. However, a remaining question
was why the 7¢0:KO mutant was able to grow in minimal media cultures with malate, despite lacking the enzyme for the last step
in the TCA cycle where malate is converted to oxaloacetate. It was hypothesized that activity of the ME gene was allowing
DC3000 to grow when Mqo is inactive. To answer this question, a mutant strain lacking zqgo and with a disrupted ME gene was
created. Our current work supports the hypothesis, as we show that when the #go gene is absent and the ME gene is disrupted,
DC3000 can no longer grow in minimal media with malate.

The results obtained from this study show that the ME gene is required for utilization of malate by DC3000 in the absence of
mqo. The fact that the #go: KO mutant has a more pronounced growth defect than the ME single mutant suggests that 7qo is the
primary enzyme responsible for malate utilization. Future studies could look at regulation of these genes to see if they are both
used during normal growth, or if ME expression is upregulated when qo is missing.

AJ[]R Volume 13 | Issue 2 | June 2016 69




The 7q0: KO mutant grew similarly to wild-type DC3000 in citrate, indicating that 7qgo was not required for normal growth when
citrate is the provided carbon source. We found that the double mutant lacking 7zgo and a functional ME gene does not grow like
wild-type DC3000. It was hypothesized that 7zqo:KO;ME::p]P would be able grow normally on citrate because growth in this
source would allow for all of the steps of the TCA cycle before malate oxidation to be completed, reducing all electron carriers
except for the final NADH in the last step of the cycle. However, the data collected (Figure 3B) shows that #zqo: KO;ME::p]P
has delayed growth when citrate is the available carbon source, unlike the wild-type bacteria.

One reason why the double mutant may not be able to grow like wild-type DC3000 in citrate is because of the lack of
oxaloactetate. Oxaloacetate is an intermediate for synthesis of some amino acids; thus, the double mutant may be lacking a way to
produce these amino acids, inhibiting growth. Alternatively, growth may be inhibited because of accumulation of an intermediate
such as malate or one of the other dicarboxylates. Buildup of one of the TCA intermediates may be a signal to stop expressing
some TCA cycle enzymes. Future experiments will try to distinguish between these two hypotheses by growing #qo: KO;ME::p]P
in HS media with citrate and supplementing with oxaloacetate.

Future experiments will also include looking at if 7o and ME are important for growth in planta. We predict that the double
mutant will not grow as well as the qo: KO bacteria and will not cause any disease symptoms on infected plants. These
experiments looking at the growth of the mgo:KO;ME:p]P double mutant in plants will help to confirm that malate, which is
present in the plant apoplast,? is an important carbon source for DC3000 when it is growing in this environment.
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PRESS SUMMARY

Pseudomonas syringae pv. tomato strain DC3000 (DC3000) is a bacterial plant pathogen known to cause disease in Arabidopsis thaliana
and tomato plants. Interestingly, previous studies have shown that malate:quinone oxidoreductase (Mqo), an enzyme in the
tricarboxylic acid cycle, is required for DC3000 to cause disease. A mutant strain lacking the g0 gene had significantly delayed
growth when malate was the only carbon and energy source, but eventually reached wild-type levels of growth. This may be due
to the activation of a secondary pathway mediated by Malic Enzyme (ME). Our research shows that a mutant strain lacking both
the mqo gene and the malic enzyme gene fails to grow in minimal media cultures with malate. The roles of both genes on DC3000
energy and amino acid production, as well as virulence, are the topics of future research.
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