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Abstract: Tobacco black shank caused by Phytophthora nicotianae is one of the most destructive diseases
suffered by tobacco in China. Streptomycin, calcium oxide and synthetic fertilizer are three important non-target
chemicals used frequently during tobacco growing period. This study has evaluated the activities of the
non-target chemicals streptomycin, calcium oxide and synthetic fertilizer on the mycelial growth, sporulation,
zoospore formation and germination of cystospores of P. nicotianae. Metabolic fingerprints of P. nicotianae
under pressures of those three chemicals are also compared with control treatments. Streptomycin inhibited
mycelial growth, sporangia production, zoospore formation and cystospore germination more effectively than
the other chemicals tested. Calcium oxide inhibited sporangia production, zoospore formation and cystospore
germination at much higher concentration. Mycelial growth of P. nicotianae was not affected by this chemical.
Synthetic fertilizer had negative or no effect on sporangia production and no effect on mycelial growth.
Zoospore formation and cystospore germination was inhibited at high concentrations of this chemical.
Metabolic fingerprint of P. nicotianae was not or poorly affected by calcium oxide and synthetic fertilizer.
Streptomycin significantly changed the fingerprint of the pathogen, substrate of y-aminobutyric acid,
fumaric acid, L-alaninamide, T-alanyl-glycine, L-proline, T-pyroglutamic acid and putrescine cannot be
utilized by P. ricotianae. So it is no use to add calcium oxide to soil for black shank management in the field,
while is useful for streptomycin. Synthetic fertilizer in some case may enhance the development of the disease.
These new findings provide important information for black shank management in the future.
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INTRODUCTION China accounts for more than 39.6% of the total
global tobacco production (Wang et af, 2013b).
Phytophthora parasiiica var.  nicoliandae During tobacco production proceeding, farmers normally

(P. nicotianae) Breda de Haan causes black shank of
tobacco (Nicotiana tabacum 1..) in most tobacco growing
regions of the world. This pathogen has a host range that
includes more than 72 species in the Solanaceae
(Hickmann, 1958) and 1s a particularly important pathogen
of tobacco (Dukes and Apple, 1961; Stokes and Littor,
1966; McCarter, 1967; Jacobi et al., 1983). In China, this
disease is managed through the use of resistant cultivars,
crop rotation, cultural practices and the effective systemic
compound metalaxyl (Yuan e# al., 2006). However, due to
high aggressiveness and increasing resistance to
metalaxyl of this pathogen (Cartwright and Spurr Jr., 1998;
Wang ef al., 2013a), it is still a serious problem for farmers
in China.

add calcium oxide to the soil to raise soil pH to the
ideal range for tobacco production and use tobacco
specific synthetic fertilizer with all three N: P: K plant
nutrients (10:10:25) to provide nutrition for flue-cured
tobacco plants (Table 1). Meanwhile, another serious

Table 1: Use dosage of three agrochemicals in flue-cured tobacco production
seasons in Southwest China
Product rate

Per application  Per season Target diseases
Streptomycin 210-420 gha™! =3 applications Tobaccobacterial wilt
Calcium oxide  750-3000 kg ha™! 1 application  Tobacco black shank
Tobacco specific 750 kg ha™! 1 application None

synthetic fertilizer

Products
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soil-borne disease of tobacco bacterial wilt, caused by
Ralstonia solanacearum, 13 happened frequently together
with black shank in most regions throughout China and
also quite difficult to control. The antibiotic streptomycin
has been frequently added to tobacco soil for bacterial
wilt management (Hu, 2009).

During the lifecycle epidemiology of
P. nicotianae in the period of tobacco production, many
factors could affect the infection of the pathogen and
influence the disease development. Previous studies
showed that black shank occurs in both acid and alkaline
soils with optimum pH value for disease development
between 6 and 7 (Kong et al., 2009). Calcium levels are
positively correlated with severity of black shank disease
(Von Broembsen and Deacon, 1997). However, whether
the effect of calcium 1s on the comycete or the host of
tobacco 1s unclear. Mitigation strategies against these soil
pathogens have primarily relied on metalaxyl and
streptomycin. So far, hmited information actually outlines
the activities of calcium oxide, synthetic fertilizer and
streptomyein to soil-borne pathogen of P. nicotianae.
Lack of evidence for dosage use of calcium oxide and
fertilizer guides black shank management in the field.
Recently, the Biolog FF MicroPlate was introduced for
characterization of filamentous fungi (FF MicroPlate™
Instruction for use). The MicroPlate contains 95 discrete
substrates that could be used to test the substrate
utilization and metabolite profiling of the pathogen
P. nicotianae wnder different chemical pressures, which
could help to know the metabolic activity of P. nicotianae
when those chemicals were utilized i the field.

The objectives of this study were: (1) To
mvestigate in vitro activities of three agrochemicals
(streptomycin, calcium oxide and  synthetic fertilizer)
against P. micotianae and (2) To evaluate the carbon
metabolic fingerprint of P. nicotianae under different
pressures of those chemicals. The compounds were

and

chosen due to their immportance for tobacco production in
the field. The outcome of this study 1s be much valuable
to assess the effect of non-target chemicals against the
pathogen of P. nicotianae.

MATERIALS AND METHODS

Pathogen, media and chemical preparation: One isolate
of P. with  wild-type sensitivity and
pathogenicity to tobacco, was selected as the specie for
assay in this study. The isolate was collected, isolated
and identified from our early study (Wang et al., 2013a) in

ricotianae

2011 from an infected tobacco stem 1n a tobacco
commercial field of the Guizhou province of China.
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Lima Bean Agar (LBA) was prepared by boiling 60 g lima
bean for 1 h and filtering through 4 layers of gauze. The
filtrate was added to deionized water and agar powder
(16.0 g L™ to a final volume of 1.0 L. Ten percent V8
liquid medium was prepared by adding 100 mL Campbell’s
V& juice to 900 mL sterile water containing 0.2 g CaCO,.
All culture media were autoclaved prior to use. Stock
chemical solutions were prepared by dissolving technical
grade streptomycin (Sigma China Co., Ltd, Shanghai,
China), technical grade calcium oxide (a.i. 98%; JIinfu Co.,
Ltd, Fuquan, China) and tobacco commercial grade
synthetic fertilizer (a.i. 45%; N: P: K =10: 10: 15; Tinfu Co.,
Ltd, Fuquan, China) in distilled water. Solutions were
diluted as required and stored at 4°C to preserve chemical
activity m the dark. Chemicals were added to LBA after
autoclaving when the agar had cooled to approximately
S50°C.

Sensitivities to mycelial growth and effect on morphology
of hyphae: Sensitivities of mycelial growth to chemicals
assayed on LBA amended with different
of tested compounds previously
dissolved in distilled water. The final concentrations
tested were for streptomycin 0, 1, 10, 100 and 200 mg 1.7,
for calcium oxide 0, 230, 500, 1000 and 2000 mg I.™" and for
synthetic fertilizer O, 31.25, 62.5,125, 250 and 500 mg L.
For each chemical at each concentration, three replicates
were used. The diameters of the colonies were measured
after incubation for 6 days at 25°C m darkness. The
experiment was conducted twice.

The effect of chemicals on hyphal morphology was
visualized as described previously (Kuhn et al, 1991).
Briefly, LBA agar amended with test compounds
was overlaid with a cellophane membrane (Bio-Rad
Laboratories, Inc.), inoculated with a mycelia plug and
incubated for 5 days at 25°C in darkness. Under these
conditions, a relatively sparse hyphal monolayer was

were
concentrations

produced which could be observed directly under the
light microscope.

Sensitivities to sporangia production: Sensitivities of
sporangia production was assayed according to a
previously described method for quantification of
sporangia (Sun et al., 2010). Three individual agar discs
(10 mm diameter) were removed from the edge of an
actively growing culture and placed face up on the centre
of a petri dish (9 cm diametere) containing 15 mIL of 10%
V& liquid medium amended with a test chemical at various
concentrations. The final concentrations tested were for
streptomycin 0, 0.1, 1, 10 and 100 mg L', for calcium oxide
0,206, 413, 825 and 1650 mg L~ and for synthetic fertilizer
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0,63, 125, 250 and 500 mg L.7". Afterwards, the petri dishes
were incubated at 25°C m light for 96 b, then the plugs
were placed on a glass slide and the number of sporangia
was counted at three sites along the margins of each agar
plug with the help of a microscope. For each chemical at
each concentration, three replicates were conducted. The
experiment was conducted twice.

Sensitivities to zoospore formation and cystospore
germination: Sporangia of P. nicotianae were induced on
10% V8 plates as mentioned above, the suspension was
filtered through a double-layer of sterile cheesecloth to
remove mycelial fragments and diluted with sterile water
sporangia mL™".
Aqueous preparations of each chemical at different
concentrations were added to an equal volume (500 pL) of
the sporangia suspension. A sporangia
suspension received an equal volume of water only. The
fnal concentrations tested for streptomycin, calcium oxide
and synthetic fertilizer were for streptomycin 0, 0.1, 1, 10
and 100 mg L', for calcium oxide 0, 206, 413, 825 and
1650 mg 17" and for synthetic fertilizer 0, &3, 125, 250 and
500 mg 1.7". Sporangia suspensions were maintained at
4°C for 0.5 h and then at 25°C for 2 h in darkness to
release the zoospores. A sporangium was regarded as

to a final concentration of 1x10°

control

released if the sporangium was empty which was easily to
determine under the microscope. Empty sporangia were
quantified on microscope slides at three sites by counting
100 sporangia per site and the percentages of released
sporangia were calculated.

For sensitivity of the compounds on the germmation
of cystospores, zoospore suspensions of P. nicotianae
were prepared as described above and diluted to a
final concentration of 1x10° zoospores mL~. Aqueous
preparations  of compound at  different
concentrations were mixed with equal volume (500 pl.) of
the zoospore suspension. A control zoospore suspension

each

was diluted with an equal volume of water only. The final
concentrations tested for streptomyecin were 0, 0.1, 1, 10
and 100 ug mL ™", for calcium oxide O, 206, 413, 825 and
1650 ug mL ™" and for synthetic fertilizer 0, 62.5, 125, 250
and 500 pg mL ™", Afterwards, zoospore suspension were
mcubated at 25°C in darkness for 10 h. A cystospore was
scored as germinated if the germ tube had reached at least
the length of the cystospore. Germinated cystospores
were quantified with the help of a microscope at three
by counting 100 cystospores per The
experiment was conducted twice with three replications.

sites site.

Carbon metabolic fingerprint of F. nicotianae under
pressure of chemicals: Carbon metabolic fingerprints of
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P. nicotianae under different pressures of the chemicals
were conducted by the Biolog system (Biolog Inc.,
Hayward, CA). In preparation for analysis, zoospores of
P. nicotianae were prepared as described above and
diluted with sterile water to a final concentration of
1x10° sporangia mL ™. Streptomycin, calcium oxide and
synthetic fertilizer were added mnto Filamentous Fungi
Tnoculating Fluid (FF-IF) to get a final concentration of
30, 1650 and 2000 pg mL~', respectively. The FF
MicroPlate test panels, containing 93 carbon source
utilization assays, were used for analysis according to the
manufacturer’s instructions throughout the experiment
{(Rice and Currah, 2005; Druzhinina et af., 2006, Singh,
2009; Papaspyridi et al., 2011). Readings were recorded for
6 days and kinetic data was analyzed with Omnil.og-PM
software. This software generates time course curves for
respiration and calculates differences in the areas for test
pathogen under different chemical pressures. This
experiment was conducted twice.

Statistical analysis: Results from repeated experiments
were combined for analysis since variances between
experiments were homogeneous. All data was processed
with the SIGMASTA Statistical Software Package
(SPSS Science, Ver. 11). The concentration of each
chemical causing 50% (EC;;) or 90% (EC,;) reduction in
mycelial growth, sporulation, inhibition of zoospore
release and germmation of cystospores compared to the
absence of the compound was estimated from the fitted
regression line of the log-transformed percentage
inhubition plotted agamst the log-transformed compound
concentration (Brandt ef al., 1988).

RESULTS

Sensitivities to mycelial growth and effect on
morphology of hyphae: Inhibition of mycelial growth
was highest with streptomycin with EC,; and EC,
values of 8.29 and 24.78 pg mL.~" (Table 2), respectively.
In comparison, mycelial growth of P.
less affected by calcium oxide and synthetic fertilizer
in the test system on LBA plates with ECs, value
>500 ug mL ™" for each chemical (Fig. 1). Moreover, in the
absence of a compound, the average mycelial growth for
P. nicotianae on LBA plates after 6 days at 25°C was
about 65 mm.

ricofianae was

Streptomycin at the final test concentration of
100 pg mL ™" significantly inhibited the colony growth of
P. nicotianae. Tt also induced major changes in the
morphology of hyphae and the most characteristic effect
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Fig. 1(a-c): Influence of dose of (a) Streptomycin, (b) Synthetic fertilizer and (¢) Calcium oxide on inhibition of mycelia

growth, sporangia production, zoospore release and cystospore germination.

Table 2: ECs; and ECyy values of three agrochemicals for mycelial growth, sporangia production, zoospore formation and germination of cystospores of

Phvtophthora ricotionae®
Chemicals

ECy and ECyg values (uga.i. mL™") Streptomycin Calcium oxide Synthetic fertilizer
Mycelial growth
ECy 8.29 (7.96-8.84)F =1000 =500
ECy 24.78 (21.24-26.45) =1000 =500
Sporangia production
ECy, 3.04 (2.45-4.87) =400 =200
ECq 5.92 (4.86-6.86) =400 =200
Zoospore formation
ECs 3.20 (2.64-4.24) 97.27 (87.24-106.45) 68.03 (60.23-76.54)
ECy 9.30 (8.12-10.32) =1000 =200
Cystospore germination
ECy 3.33 (2.64-4.67) =100 47.53
ECq 5.13 (4.23-6.56) =400 =500

“BECs; and ECy; values are the concentrations of each chemical causing 50 and 90% reduction, respectively, in mycelial growth, sporangia production, zoospore
formation and germination of cystospores of Phvtophthora ricotianae compared to the absence of a chemnical. *Means values in probability level

of streptomycin was the development of periodic
swellings along the hyphae (Fig. 2). In comparison, the
morphology of the hyphae of the pathogen was not
affected by calcium oxide and synthetic fertilizer at their
highest test concentrations.

Sensitivities to sporangia production: Among the three
test compounds, streptomycin exhibited highest activity
on sporangia production with EC,; and EC,, values of
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3.04 and 5.92 pg mL~" (Table 2), respectively. Calcium
oxide synthetic presented
inhibition on sporangia production with each EC,
values >200 pg mL~'. Additionally, calcium oxide
completely inhibited sporangia production when treated
at concentration of > 800 pg mL~" Fig. lc. Synthetic
fertilizer enhanced sporangia production at the
concentrations between 62.5 and 250 ug mL™' Fig. 1b.
Reduction of sporangia production m of streptomycin

and fertilizer lower
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Fig. 2(a-d). Morphology of cell materials in the hyphae of Phytophthora nicotianae after exposure to various
concentrations of streptomycin. The bar markers indicate 20 um in all 4 parts with (a) No streptomycin (b)
1 ugmL ™" (¢) 10 umL ™" and (d) 100 p mL™" streptomycin

at 1 ug mL™" was significantly higher than that recorded
for 400 ug mL™" of calcium oxide and 500 pg mL™" of
synthetic fertilizer. Production of sporangia was totally
suppressed by 100 ug mL ™" of streptomycin. The average
number of sporangia developing on V& media plate in the
absence of a chemical after 96 h inoculation at 25°C was
about 2.5x10" per site.

Sensitivities to zoospore formation and cystospore
germination: Among the three chemicals tested,
streptomycin - was the most sensitive on zoospore
formation with EC;, and EC,, values of 3.20 and
930 ug mL~', respectively (Table 2). Followed by
synthetic fertilizer with EC,; and EC,, values of
68.03 and =200 pug mlL ™", respectively. ITn comparison,
calcium oxide was least effective with EC,, and EC,,
values of 97.27 and =1000 ug mL.~", respectively.
Germination of cystospores of P. wmicotianae was
seriously inhibited by streptomycin with EC,; and EC,,
values of 3.33 and 5.13 pg mL™', respectively. Less
inhibition was noted for calcium oxide and synthetic
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fertilizer with EC,; and EC,; values of =100, 47.53 pg mL™
and =400 and =500 ug mlL~', respectively. Complete
inhibition of cystospore germination was achieved with
100 pg mL ™" streptomycin (Fig. 1).

Carbon metabolic fingerprint of P nicotianae under
pressure of chemicals: Carbon metabolic fingerprint of
P. mnicotianae was conducted by the Biolog system.
When imcubated on FF MicroPlate (Fig. 3) without
chemicals, P. nicotianae utilized 47 carbons among the
assays (Fig. 4). The
typical carbons metabolized by P. nicotianae included

95 carbon source  utilization
D-gluconic acid, D-glucurome acid, 2-Keto-D-gluconic
acid, D-xylose, fumaric acid, L-lactic acid, D-malic acid,
L-malic acid, quinic acid, D-saccharic acid, succinic acid,
L-alamne, L-alanyl-glycine, L-asparagine, L-aspartic acid,
L-glutamic acid, L-proline, L-pyroglutamic acid and
L-serine. In comparison, when ncubated under the
pressure of streptomycin at 30 pg mL. ™, only 27 carbons
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Fig. 3: Layout of assays in the Biolog FF MicroPlate
were metabolized by the pathogen. Streptomycin Current analysis in this study has shown the strengths

significantly mhibited the utilization of y-ammobutyric
acid, fumaric acid, TL-alaninamide, TL-alanyl-glycine,
L-proline, L-pyroglutamic acid and putrescine by the
pathogen (Fig. 4a). When treated with synthetic fertilizer
at final test concentration of 500 pg mL ™", P. nicotianae
had similar metabolic fingerprint as that of control, except
the carbon of bromosuccmic acid (Fig. 4b). Additionally,
when treated with calcium oxide at final test concentration
of 1650 ug mL™", the pathogen had the same metabolic
fingerprint as that of control (Fig. 4c¢).

DISCUSSION

To establish an efficient disease management strategy
for the control of tobacco black shank it 1s important to
know the interaction between environmental factors and
the pathogen of P. nicofianae. As a first step, the
activities of agrochemicals on the different life cycle
stages have to be established. While some chemicals
might inhibit some stages of pathogen development
(e.g., by inhibition mycelia growth), others may enhance
the epidemic of black shank (e.g., stimulate sporulation).
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and weaknesses of three major agrochemicals during the
various development stages of P. nicotianae and also
carbon metabolic fingerprint of this pathogen under
pressures of those chemicals.

Among the agrochemicals tested, the mycelal
growth, the sporangia production, zoospore formation
and the germmation of cystospores of P. nicotianae was
more sensitive to streptomycin than that of calcium oxide
and synthetic fertilizer. Corresponding findings have
been previously reported for streptomycin  in
Phytophthora, Pythium and Peronophythora species
(Eckert and Tsao, 1962; Rooke and Shattock, 1983;
Liu, 2001; Lee et al., 2005). In our test system, highest
sensitivity was noted by sporangia formation, followed by
that of cystospores germination and zoospore formation
and less sensitivity was accorded for mycelial growth.
Though in certamn cases, toxicity may be different due to
discrepancies between culture media, test concentrations,
time of dosage and duration of contact with the pathogen.
Results from this study still provided useful information
for our understanding the activity of streptomycin against
P. nicotianae.
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Fig. 4(a-c): Carbon metabolic fingerprint comparisons of P. nicotianae between control treatment and three agronomic
chemical treatments. Comparison between contrel and (a) 30 pg mL ™" of streptemycin, (b) 500 ug mL ™" of
svnthetic fertilizer and (c¢) 1650 pg mL™" of calcium oxide. Green presented metabolic fingerprint of
control treatments; red in (a), (b) and (¢) presented metabolic fingerprint of streptomycin, synthetic fertilizer
and calcium oxide, respectively; yellow presented common fingerprints of both control and chemical

treatments

Streptomycin, an aminocyclitol glycoside antibiotic,
was first discovered in the 1930s (Sundin and Bender,
1993) and then used to control bacterial pathogens of
plants, including tobacco bacterial wilt (caused by
R. solanacearum) and tobacco wildfire (caused by
Pseudomonas syringae pv. tabaci). Its mode of action to
bacteria 1s presumably the binding to the 303 ribosomal
subunit, thereby interfering with polypeptide synthesis
and thus mhibiting translation (Sundin, 2002). While
activities of streptomycin have been investigated
extensively to comycete pathogens (Rooke and Shattock,
1983; Liu, 2001; Lee et al., 2005), the exact mechanism by
which streptomycin influences Phytophthora species is
seldom reported (Chabane et al., 1996, Whittaker ef al.,
1996). After exposure to streptomycin, zoospores of
P. nicotianae were able to switch into cystospores
accompanied with the formation of a cell wall, whereas
cystospores did not produce germ tubes when treated at
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concentration of 100 ug mL™". In streptemycin-treated
hyphae, the most characteristic change was the
development of periodic swelling and the disruption of tip
growth. Further research 13 needed to know the
distribution of the newly synthesized cell wall materials in
streptomycin-treated hyphae to get the mode of action of
this chemical to comycete pathogens.

Tobacco i southwest China 13 mainly located 1n
semi-arid areas over acid or neutral soils. The CaO and
CaCO, are sometimes applied m the soil to enhance
botanical composition and production of flue-cured
tobacco. For some soilbome pathogens (Von Broembsen
and Deacon, 1997, Campanella et al, 2002,
Heyman et al, 2007; Serrano et al., 2012), extracellular
calcium is necessary for production of zoosporangia by
Phytophthora spp. (Halsall and Forrester, 1977), for
adhesion of Phytophthora zoospore cysts to host or
other surfaces (Gubler et al, 1989, Donaldson and
Deacon, 1992) and for germination of Phytophthora
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(Von Broembsen and Deacon, 1996). Tt had also
demonstrated that Ca™ interfere with P. nicotianae
zoospore biology at multiple stages with compounding
effects on epidemiology and management of the
pathogen (Halsall and Forrester, 1977; Von Broembsen

and Deacon, 1997). In comparison, n our test
system, sensitivity of P. nicotianae from tobacco
to Ca0 agreed with the data reported

P. cinnamomi (Erwin and Ribeiro, 1996), F. nicotianae
(Campanella et al., 2002), P. nicotianae (Von Broembsen
and Deacon, 1997) and P. sojae (Sugimoto et al., 2005).
Further research 13 needed to confirm the ability of
calcium oxide to enhance black shank management by
field trials. Additionally, to our best knowledge, few
researches have been conducted to the fungicidal value
of synthetic fertilizer to phytophthora oomycete. In our
test system, while high concentrations of synthetic
fertilizer produced an intubition on zoospore release and
cystospore germination it presented a direct negative
effect on mycelal growth and sporangia production of the
pathogen. Synthetic fertilizer could enhance the epidemic
of black shank in the field; assays m planta trial should be
conducted to investigate the relationship between
fertilizer and disease incidence.

Phytophthora pathogens are known to have unique
biochemical pathways to assimilate a vast array of simple
and complex nutrients available to them. Tn our study, the
Biolog FF MicroPlate which had 95 discrete substrates,
was introduced to test the metabolites of P. nicotianae
under three agronomic chemical pressures (Smgh, 2000).
Culture growth of the pathogen was monitored by change
in absorbance in each well. Fingerprints were created with
Spotfire visualization software, data of each well were
collected automatically during incubation and variations
between control and treatments were compared. Under the
test pressure of calcium oxide, P. nicofianae shared the
same fingerprints as that of control. Under nutrient replete
conditions, only the utilization of the utilization of the
artificial substrate bromosuccinic acid was affected.
Those finding agreed with the results gotten in vitro for
the two chemicals. So it is no use to add calcium oxide and
synthetic fertilizer to soil for tobacco black shank
management in the field. In contrast, the addition of
streptomycin mhibited the ability to utilize several
substrates including y-aminobutyric acid, fumaric acid,
L-alaninamide, L-alanyl-glycine, L-proline, L-pyroglutamic
acid and putrescine which were significantly inhibited by
the chemical. So 1t could be useful to use streptomyein to
control black shank when using it for bacterial wilt
management. Although a few chemicals are available to
control black shank in tobacco, our findings are valuable
to assess the three agronomic chemical treatments to
decrease the impacts of the disease.
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