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a b s t r a c t

Validamycin A (VAL-A), produced by Streptomyces hygroscopicus, is an important anti-fungal agro-
antibiotic. In this work, the effect of fermentation temperature on VAL-A biosynthesis by S. hygroscopicus
5008 was investigated between 28 ◦C and 42 ◦C, and an interesting threshold of temperature for VAL-
A biosynthesis was found between 35 ◦C and 37 ◦C. At a relatively higher temperature, a much higher
VAL-A productivity was obtained together with faster protein synthesis and sugar consumption. Tran-
alidamycin production
ermentation temperature
treptomyces hygroscopicus
ene expression
nzyme activity

scriptional analysis of samples from early, middle and late stages of fermentation at various temperatures
demonstrated that three operons, valABC, valKLMN and valG, for all eight necessary structure genes,
were dramatically promoted when temperature reached the threshold. Activities of both glucose-6-
phosphate dehydrogenase (G6PDH) of pentose-phosphate pathway and ValG of VAL-A biosynthesis were
also enhanced at a higher cultivation temperature. The interesting temperature effect with a 2 ◦C thresh-
old shift from 35 ◦C to 37 ◦C on the antibiotic biosynthesis was understood to be related to the gene

key e
transcriptional levels and

. Introduction

Validamycin A (VAL-A), also called as jinggangmycin in China, is
n anti-fungal aminoglycoside antibiotic produced by Streptomyces
ygroscopicus var. limoneus (Iwasa et al., 1970) and S. hygroscopicus
ar. jingganggensis 5008 (S. hygroscopicus 5008, hereafter) (Shen,
988). Because of its high level of effectiveness as a fungicide as
ell as its lack of threat to human and animal health, VAL-A has

een one of the most important and widely used plant protection
eagents for the treatment of rice sheath blight disease in East Asia.

Cultivation temperature generally affects metabolite biosynthe-
is. However, there is still lack of information on structure genes
xpression and enzyme activity during fermentation of secondary
etabolite production by industrially important species, and no

etailed in-depth studies on the impact of temperature on VAL-A
roduction were reported.

Recently the biosynthetic mechanism of VAL-A was gradually
evealed, and a whole gene cluster responsible for its biosynthe-

is in S. hygroscopicus 5008 was cloned (Yu et al., 2005) and eight
enes located in three operons, valABC, valKLMN and valG, were
dentified (Bai et al., 2006). The valG codes for a glycosyltransferase
esponsible for the final step of VAL-A biosynthesis modifying the
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nzyme activities.
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validoxylamine structure with a glucose moiety to yield VAL-A (Bai
et al., 2006).

In this work, the effect of temperature on VAL-A fermentation
kinetics was investigated including the gene transcriptional level
of three operons possessing all eight necessary genes required for
the biosynthesis of VAL-A during the fermentation process. The
activities of enzymes, representing abundance of precursor and effi-
ciency of the last step of the VAL-A biosynthesis pathway, were also
studied to gain insight into the mechanism of temperature effects
on antibiotic production.

2. Material and methods

2.1. Sampling and fermentation analysis

Spores of S. hygroscopicus 5008 were stored, activated and cul-
tivated as reported (Yu et al., 2005). Six duplicates were carried
out for each temperature condition. To determine the intracellular
protein concentration, mycelia were centrifuged, washed and then
distributed to two Eppendorf tubes, with lysozyme added to one of

the tubes to lysis the cells as reported (Kieser et al., 2000). Standard
Bradford method was used to determine the protein released from
the mycelia. The total residual sugar was determined by standard
phenol-concentrated sulfuric acid method (Hodge and Hofreiter,
1962) and VAL-A production by HPLC (Yu et al., 2005).

http://www.sciencedirect.com/science/journal/01681656
http://www.elsevier.com/locate/jbiotec
mailto:jjzhong@sjtu.edu.cn
dx.doi.org/10.1016/j.jbiotec.2009.04.015
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Table 1
Sequence of primer pairs for Quantitative RT-PCR.

Name Primer sequence

valABC-F ACGACTACACCACGCAGGAC
valAABC-R ATGACGCACAGGTGGAACTC
valKLMN-F CAGGTGGCTGCCTTGATG
valKLMN-R CGGGAAGGTCTGTGCTGA
valG-F CATCCCATGTGCCACTGCT
v
1
1

2

d
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w
c
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p
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a
d

F
f

alG-R CGACTCGGTATCCAAGGTCT
6sRNA-F TATTGGGCGTAAAGAGC
6sRNA-R CACCGCTACACCAGGAA

.2. RNA and quantitative RT-PCR assay

The transcription levels of valABC, valKLMN and valG genes were
etermined by quantitative RT-PCR carried out on an Eppendorf
astercycler Realplex2 with One Step PrimeScriptTM RT-PCR Kit

Takara) according to manufacturer’s procedure. Control reactions
ere set by adding RNA without reverse transcription instead of

DNA. After pre-denature at 95 ◦C for 5 min, amplification occurred
n two steps: 15 s at 95 ◦C for denature and 30 s at 60 ◦C for both
nnealing and extension for 40 cycles. The sequences of primer
airs are listed in Table 1.
.3. Determination of G6PDH and ValG enzyme activities

Activity of glucose-6-phosphate dehydrogenase (G6PDH) was
nalyzed as reported (Deutsch, 1983). The ValG activity assay was
one as follows. The reaction mixture (100 �l) with 25 mM Tris–HCl

ig. 1. Fermentation profile at various temperatures of 28 ◦C (©), 30 ◦C (�), 33 ◦C (�), 35 ◦

ermentation; (b) concentration of intracellular protein; (c) variation of pH; (d) validamyc
ology 142 (2009) 271–274

(pH 7.6), 10 mM MgCl2, 20 mM NH4Cl, 15 mM UDP-glucose, 10 mM
validoxylamine A, and 2 �l of crude enzyme solution was incubated
for 3 h at 30 ◦C, 35 ◦C, 37 ◦C, and 42 ◦C, respectively, in keep-
ing with their fermentation temperature. Subsequently, 100 �l of
chloroform was added to stop the reaction and the protein was
removed. Enzyme activity was determined by measuring the for-
mation of VAL-A transformed from validoxylamine A by HPLC.
Protein concentration of the crude enzyme solution was deter-
mined by standard Bradford method.

3. Results and discussion

3.1. Fermentation profiles under various cultivation temperatures

Due to the insoluble residues of corn and soybean powder in
the liquid medium, total intracellular protein was determined to
represent the growth of S. hygroscopicus 5008 instead of cell dry
weight. The effect of fermentation temperature on the total intra-
cellular protein was significant (Fig. 1b). At the early stage, the
intracellular protein accumulation rate was faster at a higher fer-
mentation temperature. However, at a lower temperature, a higher
protein concentration was achieved at the middle stage of fermen-
tation. At the late stage of fermentation, the protein concentration
at a high fermentation temperature rapidly decreased, and the

inhibitory effect of a high concentration of VAL-A on cell growth
and a more rapid decrease of intracellular protein was confirmed
in our Supplementary experiments (data not shown).

As shown in Fig. 1d, VAL-A was rapidly accumulated during the
early and middle stages of fermentation at relatively higher fer-

C (�), 37 ◦C (�), 40 ◦C (�) and 42oC (�), respectively. (a) Total residual sugar during
in A production.
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ig. 2. Effect of fermentation temperature on the transcription level (copy
umber/�L) of genes valABC (a), valKLMN (b) and valG (c) of S. hygroscopicus 5008
ells at 30 ◦C, 35 ◦C, 37 ◦C and 42 ◦C, respectively. Each data point represents the
ean ± S.D. from three independent samples.

entation temperatures (37 ◦C, 40 ◦C and 42 ◦C), while the VAL-A
roduction at lower temperatures (28 ◦C, 30 ◦C, 33 ◦C and 35 ◦C)
as very low. Surprisingly, a significant difference of validamycin
production was observed by increasing just 2 ◦C from 35 ◦C to

7 ◦C, which was concluded to be a temperature threshold. When
he temperature reached the threshold, certain cell signaling might
e triggered that will cascade into gene expression, and ultimately
esult in a significant increase in the antibiotic biosynthesis.

At higher fermentation temperatures, the final residual sugar
as lower with a slightly faster consumption rate in the early stage

Fig. 1a). Fermentation temperature also impacted pH. As temper-
ture increased, the pH increased more rapidly during the early
ermentation stage (Fig. 1c).

.2. Response of gene transcription to fermentation temperature

For RNA and quantitative RT-PCR assay, mycelia from 10 ml
f culture broth fermented at 30 ◦C, 35 ◦C, 37 ◦C and 42 ◦C were

ollected at the early stage (16 h), middle stage (48 h) and late
tage of fermentation (120 h), respectively. Total RNA samples were
xtracted by Trizol (Sigma, USA) following the manufacturer’s pro-
edure and treated with DNase I (Promega) to remove the residual
enomic DNA. After that, RNA samples were reverse-transcribed
Fig. 3. Effect of fermentation temperature on activities of crude enzymes extracted
from mycelia, which were collected from early, middle, and late stages of fermenta-
tion. Temperature: 30 ◦C (slash bar), 35 ◦C (dark bar), 37 ◦C (dot bar) and 42 ◦C (blank
bar). (a) G6PDH activity; (b) valG glycosyltransferase activity.

with M-MLV system (Promega) following the manufacturer’s
instructions for quantitative real-time PCR (qRT-PCR) assay. As
shown in Fig. 2, as temperature increased, the transcriptional lev-
els of all three operons valABC, valKLMN and valG were significantly
affected. At the early and middle stages of fermentation, as tem-
perature increased from 35 ◦C to 37 ◦C, the transcriptional levels of
valABC, valKLMN and valG were dramatically promoted, which was
consistent with the rapid increase of VAL-A production between
35 ◦C and 37 ◦C. The transcriptional levels of valABC and valKLMN at
42 ◦C were higher than those at lower temperatures, which was in
agreement with the highest productivity (production rate) at 42 ◦C.
The results showed that fermentation temperature had a significant
effect on the transcription of genes responsible for VAL-A synthesis.

3.3. Effect of temperature on key enzyme activities
Temperature can play a regulatory role not only at transcrip-
tional levels but also at post-transcriptional levels (Mitobe et al.,
2008). G6PDH, the key enzyme in the regulation center of the
pentose-phosphate pathway (PPP), provides the validamycin A
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iosynthesis with the precursor sedoheptulose 7-phosphate (S7P).
s shown in Fig. 3a, at the early stage of fermentation, a much
ore vigorous G6PDH activity for samples at 37 ◦C and 40 ◦C was

bserved compared to that from 30 ◦C to 35 ◦C. The high G6PDH
ctivity suggested a high PPP metabolism rate providing the VAL-

biosynthetic pathway with plenty of S7P. The enzyme activity
t each temperature generally dropped upon entering the middle
tage of fermentation, and almost no G6PDH activity was detected
t 42 ◦C after 5 days.

To examine the temperature effect on the enzyme level of VAL-
pathway, the enzyme activity of the final step of the VAL-A

iosynthesis was monitored. As shown in Fig. 3b, the valG activ-
ty consistently increased along with the increase of temperature
t the early stage of fermentation. At the middle stage of fermenta-
ion, the respective valG activity at 30 ◦C, 35 ◦C and 37 ◦C continued
o increase, while its activity at 42 ◦C decreased. At the end of fer-

entation, the enzyme activity was low in all cases. ValG activity
as higher at 42 ◦C than 37 ◦C at 16 h, so it had a high VAL-A pro-
uction rate (higher slope level of VAL-A production) at 42 ◦C in the
arly stage. In the middle and late stages, VAL-A production rate at
2 ◦C was lower than that at 37 ◦C, where valG gene copy number
nd ValG activity for the former case were also lower than the lat-
er. The higher VAL-A concentrations in the middle and late stages
t 42 ◦C were caused by the accumulation in the early stage.

In conclusion, the results of this work indicated that a rela-
ively high fermentation temperature brought about a vigorous PPP

etabolism, a higher protein synthesis rate and a rapid increase of
ranscription level and consequently a high VAL-A productivity.
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Appendix A. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.jbiotec.2009.04.015.
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