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ABSTRACT

pH is a key culture parameter for growth of Strettcus suis and formation of lactate, and an appabe pH is
important to increase the cell density of S. sHiste, we investigated the effect of pH on S. suimdntation, and
the results indicated that the optimum pH range W#s7.5 and pH controlled using a two-stage sggtfpH 7.0
(0-4 h) and pH 7.5 (4-10 h)] had a positive impantimprovement of cell density. Specifically, NaCa$ wsed to
adjust pH during the initial 4 h and mixture of NllGind KOH (2:1, v/v) were used to control pH durikg.0 h,
which resulted in the concentrations of ‘Nand K below the threshold for inhibiting S. suis fernaian.
Furthermore, a pH feedback feeding strategy wadliegpn S. suis fermentation, the concentrationresfidual
glucose was maintained at approximately 0.10 gfid the accumulation of lactate decreased to 4.17 gid the
concentration of Naand K were 70.2 mmol/L and 30.1 mmol/L. which was aceoiga by a high cell density
(2.347) and viability (8.42xf0colony forming units/mL) because of the reducidniactate accumulation and
proper levels of pH, Naand K.
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INTRODUCTION

Streptococcus suis an important pathogen of swine, causing a wathge of diseases in pig industry worldwide,
including meningitis, septicaemia, pneumonia, eadditis [1, 2], and arthritis, which is also a zotio organisms
and its public health importance for human. Whhéty-five serotypes (1 to 34 and 1/2) have beesniified
according to the capsular antigens, and serotype@nsidered as the most virulent form of the da&tand is most
frequently isolated from diseased pigs and humahsHuman iliness followings. suisinfection has been reported
in many countries, and two outbreaks in humans meced in China in 1999 and 2005, hundreds of geagle
infected and 52 died because of toxic shock syndramd meningitis [4]S. suisinfection has been raised great
public concern worldwide regarding this pathogemm@a&merging zoonotic agent. The propolis adjuirzatttivated
vaccine ofS. suisserotype 2 is a effective strategy for proteciiigs againsS. suisserotype 2 infection [5]. The
use of this vaccine is limited by the low cell dignsf S. suisserotype 2 and its high cost. Increased the esisitly
will likely reduce production cost and expand tharket of the vaccine, which results in protectihg swine
production industry and public health.

The growth and cell density of strain is affectgcchlture parameters. The pH value is a key deteantibecause of

its impact on the solubility of nutrients and treelements, and on the cellular metabolism in gérj6faThe pH
homeostasis is important for the function and §itsdof all cellular enzymes. Several enzymes afarboxylic acid
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(TCA) cycle are induced by the pH extremes, sucBwB and SucC [7]. TheudB andsudC are induced at low pH,
which results in increasing the capacity of TCA leycin the production of L-tryptophan bk. coli, the
accumulation of acetate was decreased with pH altedrat low value because of the improvement giression
level of suB andsudC [8]. Overloading the TCA cycle by rapid metabdliex through glycolysis is considered as
the primary cause of pyruvate and acetate accuionlf]. Lactate is the primary metabolite in co#wofS. suis
that inhibits the growth of strain [5]. The excoetiof lactate is caused from the accumulation atipgte, but not
from the increased expression of lactate dehydraggefil0]. Due to the improvement of TCA cycle céyawith
low pH, the excretion of pyruvate and lactate waeereased. The slightly alkaline condition is beaf to the
growth ofS. suig11]. Thus, it is important to maintain an apprepei pH value for growth db. suisand reduction
of lactate accumulation.

It has been reported that external pH can be shiftebstantially by bacterial metabolism, eitherotigh
fermentative generation of acids or through aerabitsumption of acids [7]. In the culture $f suis the alkaline
solution is added to maintain the stability of pEchuse of the generation of acidic metabolic bylpcts [5].
Several neutralization reagents can be used tcstathie value of pH. In the production of succin@daby A.
succinogenescells could not grow with NfOH used as neutralizer due to the toxicity of JOH [12]. However,
NH4OH is the preferred neutralization reagent for yptophan production, because it can be also us&itragen
source [8]. NaOH and KOH can be used as neutradizatagents, and their cations affect nutrientlgptand the
optimal growth [12]. KOH was used to adjust pH tid inhibition of growth by N& at high pH inE. coli
cultivation [7]. The mixture of N;ODH and KOH was used to adjust pH in L-tryptophaadpiction to avoid the
inhibition caused by high concentration of NH8]. MgCO; was the best neutralization reagent for enhancing
succinic acid production ok. succinogene&30Z [12]. The appropriate pH neutralization regge important for
culture of strain.

In S. suisST171 fermentation, the cell density and viablentavere increased and the accumulation of lactate
decreased by using glucose-stat feeding stratdgZfanges in DO or pH can be easily monitoredima to reduce
formation of by-products for the duration of fedtiddaprocess, and many feeding strategies basedt drape been
developed [13]. The pH-stat activates addition oluttient when the pH increases, which results grawth rate
and glucose concentration significantly below theeghold for production of by-products [14]. A pHefiback
feeding method was applied in production of L-tynan, the steady-state concentration of glucosemeantained
at a low level and low concentration of acetate a@umulated, leading to obtaining high biomass @nodiuction
of L-tryptophan [8].

In the present study, we investigated the effettsHbvalue orS. suidfermentation and obtained optimum pH range
for S. suisfermentation. Different strategy of pH stage cohwere proposed i. suisfermentation. According to
the effects of pH stage control and cations on éettiation ofS. suisa mixture of aqueous alkali was used to control
the pH ofS. suisfermentation. In addition, the pH feedback feedétrtegy was used i8. suisfermentation to
decrease the accumulation of lactate and incréasedll density.

EXPERIMENTAL SECTION

Bacteria and culture media

The strainS. suisserotype 2, used in this study, was obtained fdnna Institute of Veterinary Drugs Control
(CVCC 562) and stored at the culture collectionhaf Shandong Binzhou Animal Science and Veterihegicine
Academy.

The seed media contained the following componehtgl glucose, 5 g/L yeast extract, 3 g/L MgSH,0, 3 g/L
KH,PQO, and 0.1 g/L vitamin B The fermentation media f&. suisserotype 2 contained the following components:
2 g/L glucose, 5 g/L yeast extract, 2 g/L MgstH,0, 2 g/L KH,PO, and 0.1 g/L vitamin B The pH of the seed
and fermentation media was adjusted to 7.0 witro#LniNaOH.

Culture methods

Fermentation in baffled flasks

A 250 mL baffled flask containing 50 mL of seed mediwas inoculated with a single colony &f suisand
cultivated at 37C, 200 rpm for 8 h. Two milliliters of this cultur@as inoculated into a 250 mL baffled flask
containing 50 mL fermentation medium and cultivaae®7C, with shaking at 200 rpm for 10 h.

Fermentation in a bioreactor

A single colony ofS. suiswas inoculated into a 250 mL baffled flask contging®0 mL of seed medium and
cultivated at 3T with shaking at 200 rpm for 8 h. A 100 mL inoculwarfithis culture was added aseptically to a 10
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L fermenter containing 5 L fermentation medium anttivated at 37TC for 10 h. The level of dissolved oxygen (DO)
was maintained at 20% by adjusting the agitaticsh @eration rates. Unless otherwise specified, pHadassted to
different values with 4 mol/L NaOH. When the initglucose was depleted, the glucose solution wasddo the
fermenter to maintain the concentration of glucaise.5 g/L. All experiments were conducted in toate, and data
were presented as the mean + standard deviationg&Dstatistical significance was definegh<8.05.

Analysis of fermentation products

The DO, pH, and temperature were measured autaaiigtisith electrodes attached to the fermenterse dptical
density (OD) was monitored by measuring the absurbat 600 nm using a spectrophotometer (722N, NES
China). The viable count of strain in 1 mL of femmtegtion broth was determined as described prewd&$l The
concentrations of glucose and lactate were momltdre an SBA-40E biosensor analyzer (Biology Ingtitof
Shandong Academy of Sciences, China). ConcentsatidrNH,", Na’ and K were measured with a Bioprofile
300A biochemical analyzer (Nova Biomedical, Walth&id).

RESULTS AND DISCUSSION

S. suisfermentation with different culture pH

The culture pH was controlled at 6.5, 6.8, 7.0, 7.8 and 7.8 to investigate the effect of pHSrsuifermentation,
and the results with different culture pH are diged in Table 1. The highest cell density and @atdunt were
obtained with pH maintained at 7.0, which were 2.88d 5.73X1dcfu/mL. The maximum growth rate of strain
and concentrations of lactate and pyruvate inccbasth higher culture pH. Due to the low activity enzymes at
low pH, the growth rate was lower [8], while theogtth rate with high pH was higher because of tigh inzymes
activity and physiological property &. suig11]. The high growth rate and lower capacity ofA€ycle resulted in
higher accumulations of pyruvate and lactate wighhpH [5, 8]. More solution of NaOH was added thust the
pH with high pH resulted from the high accumulatiohpyruvate and lactate and high level of pH, iegdo
increasing the concentration of Naith higher pH [8]. In addition, the results indted that the optimal pH range
for S. suifermentation was 7.0-7.5.

Table 1 Efffect of different culture pH on S. suisfermentation

Dynamic pH
parameters 6.5 6.8 7.0 7.2 7.5 7.8
Cell density (Olgy) 1522 1.647 1.894 1.827 1.747 1.563
Viable count (x18cfu/mL) 3.89 4.57 5.73 5.42 511 4.23

Maximum growth rate (OR¢/L-h) 0.184 0.197 0.214 0.237 0.257 0.261

Lactate (g/L) 315 398 472 583 643 824
Pyruvate (g/L) 047 057 071 078 082 095
Na* (mmol/L) 612 728 874 1084 1213 151.2

S. suisferemntation with stage control of pH

Based on the above study ab&uitsuiswith different pH and the mechanism of lactatenfation, six pH control
strategies were carried out as follows:pH 7.0 (0-4 h) and pH 7.2 (4-10 H}, pH 7.0 (0-4 h) and pH 7.5 (4-10 h),
Il pH 7.2 (0-4 h) and pH 7.5 (4-10 WY, pH 7.2 (0-4 h) and pH 7.0 (4-10 H), pH 7.5 (0-4 h) and pH 7.0 (4-10 h)
and VI pH 7.5 (0-4 h) and pH 7.2 (4-10 h). The effectddferent pH stage control o8. suisfermentation are
presented in Table 2. The results showed that ldvegntrolled during the early fermentation perioal dnigh pH
maintained during the later culture phase had &ip®@smpact on improvement of cell density andbleacount of
strain [11]. With pH stage contrdl, the highest cell density (1.987) and viable co@®&3x16 cfu/mL) were
obtained and the accumulation of lactate and cdraton of Nd were 5.43 g/L and 113.5 mmol/L. The cell density
(1.712) and viable count (4.72xX16fu/mL) obtained with pH stage contrdl were lowest, and 5.67 g/L lactate and
108.3 mmol/L N& accumulated. The lowest concentration of lactateimulated with pH stage contrdl was 5.14
g/L, and cell density and viable count were 1.988 6.14x18 cfu/mL, along with N& of 94.2 mmol/L. The cell
density and viable count were increase by redudaifolactate accumulation [5]. Both TCA cycle andrfation of
pyruvate were affected by change of pH, and lowacidp of TCA cycle and high accumulation of pyrwvatith
high pH [9]. Lactate of 5.98 g/L accumulated with gtage controlll was highest.
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Table 2 Effect of different pH stage control stratgy onS. suis fermentation

Dynamic pH stage control strategy

parameters [ I il v \ VI
Cell density (Olgy) 1925 1987 1.892 1.732 1.712 1.812
Viable count (x18cfu/mL) 6.14 6.53 5.72 5.13 472 493

Maximum growth rate (OR¢/L-h) 0.224 0.237 0.241 0.227 0.248 0.251

Lactate (g/L) 514 543 598 543 567 587
Pyruvate (g/L) 075 077 083 076 079 081
Na* (mmol/L) 942 1135 1184 101.3 1083 115.2

I mpact of metal ionson S. suisfermentation

The concentration of metal ions was considerechamportant factor for nutrients uptake and growtistrain, and
the cell density and physiological status of stnagre impacted by the metal ions contained in phitna¢ization
reagent [15]. The effects of N&K™ and NH," on S. suisfermentation were investigated by the fermentati@dia
containing different concentrations (0-125 mmoldf)NaCl, KCl and NHCI. Figure 1 shows the results 8f suis
fermentation with different concentrations of Na®ICl and NHCI, and concentrations of NaK™ and NH*
markedly affected cell density and viable count.fésthe addition of NaCl, the concentration of NaBGove 100
mmol/L decreased cell density and viable countthlede was not significance difference in cell dgnaitd viable
count with the media containing below 100 mmol/LQlaWhen 25 mmol/L KCI was added in the media, the
highest cell density (1.291) and viable count (2Q0° cfu/mL) were obtained, which were 2.71% and 3.61%
higher than these with no addition of KCI, and dshsity and viable count were decreased with maddf KCI
above 50 mmol/L. Potassium ion serves as a cofactarany enzymatic reactions, and high concentnatibK*
causes the inhibition for growth of strain and fation of desired product [7, 8]. The cell densityg aviable count
decreased with higher addition of NE, and the results indicated that )& was harmful to growth and activity of
S. suis When the availability of energy was inadequagdiscstop functioning properly with the presenceNef,”
[16]. NaOH and KOH were better neutralization ragdger pH control than NFOH for S. suisfermentation, and
the concentrations of Nand K should be below the threshold value for inhibitafrs. suifermentation.
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Figure 1 Effect of the concentration ion of sodiumpotassium and ammonia orS8. suis fermentation. Cells were grown aerobically in 250
mL shake flasks. (a), (b) and (c) Different concengitions of NaCl, KCI and NH,CI contained in the fermentation medium, respectiv..
(p<0.05)

S. suisfermentation with pH control by mixture of NaOH and KOH

The pH stage controll was the better pH control strategy ®r suisfermentation, but the concentration of ‘Na
(113.5 mmol/L) inhibited the growth and activity 8f suis KOH and NaOH were selected to control the pHsof
suisfermentation to aviod the inhibition caused byhhagncentration of Naand the pH was adjusted with NaOH
during the 0-4 h stage &. suisfermentation and NaOH and KOH were mixed togethezontrol pH during the
4-10 h stage. The ratios of the volumes of NaOHn@¥/L) to KOH (4 mol/L) were 1:1, 1:2, and 2:1, atltkir
effects on cell density and viable count are digadain Figure 2, along with the concentrationsamftate and Na
and K'. With the ratio of NaOH to KOH at 2:1, the highesll density and viable count obtained were 2.aA@
7.78 x16 cfu/mL, and the concentrations of Nand K were 82.3 mmol/L and 38.9 mmol/L that were beltw t
threshold value for inhibition d§. suisfermentation. The cell density and viable counterlewer when the ratio of
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their volumes was either 1:1 or 1:2 because ofdiigioncentration of K and 57.4 mmol/L Kaccumulated at the
volume ratio of 1:1 while 69.2 mmol/L *Kwith the volume ratio of 1:2. There was not sigifice difference in
excretion of lactate with different ratio of NaO#&l KOH, and the accumulation of lactate was increéagi¢h higher

cell densities, which indicated that the conceitradf lactate was directly proportional to thel ekdnsity [17].
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Figure 2 Effect of pH control by mixture of NaOH ard KOH on S. suis fermentation. (a) Filled symbolsepresent cell density and open
symbols represent viable count of strain. (b) Filld symbols represent concentration of Na open symbols represent concentration of K
and half-filled symbols represent concentration ofdctate. £<0.05)

pH feedback fed-batch culturefor S. suisfermentation

The culture pH during the entire fermentation pesceras controlled with stage control stratdgyand the pH of
fermentation period of 0-4 h and 4-10 h were aégidgty NaOH and mixture of NaOH and KOH (volumeaat
2:1), respectively. As the pH limits were set 1886702 (0-4 h) and 7.48-7.52 (4-10 h), the pumglo€ose solution
coupled to the pH controller was activated whengHeabove the higher limit. The results ®f suisfermentation
using the pH feedback fed-batch culture methodshoeved in Figure 3. With application of this feeglistrategy,
the concentration of residual glucose was mainthiat approximately 0.10 g/L, the accumulation aoftdte
decreased to 4.17 g/L. The concentration of glucosimtained at a low level is the most effectiveywareduce the
formation of by-products, and the excretion ofdaetinS. suisST171 fermentation was low with low concentration
of carbon source [5, 18]. Due to the reductioragtdte accumulation, less alkaline solution wasddd control pH
and the concentrations of Nand K were 70.2 mmol/L and 30.1 mmol/L [8]. The cell digyr and viable count 8.
suisincreased to 2.347 and 8.42%u/mL because of the reduction of lactate anceraoncentrations of Na
and K. In production of L-isoleucine, the accumulatidraoetate was decreased and the biomass and padatt
L-isoleucine were increased obviously by using Br@ feedback feeding [19]. An appropriate feedingtsgy is
important to decrease the accumulation of by-prtsdand increase the production of desired proddct
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Figure 3 Application of pH feedback feeding strateg in S. suis fermentation. (p<0.05)
CONCLUSION

In summary, a two-stage strategy of pH and mixoffdNaOH and KOH used as neutralization reagentpiar
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control had a positive impact on increasing the dehsity ofS. suis and higher cell density and viability were
obtained by using the pH feedback feeding strategpause of the reduction of lactate accumulatiah @oper
levels of pH, Na and K. The improvement of cell density can reduce prtiduccost and expand application
market of the vaccine, and this study illustrateseful approach for large-scale production of eciree strain ofS.
suis serotype 2. This enhances the application of aimacresults in prevention of the occurrence of pig
streptococcus disease and promotion of the pigsingdaevelopment.

Acknowledgments

This work was supported by Doctoral Program Foundadf Shandong Binzhou Animal Science and Veteyina
Medicine Academy (BS201402), Shandong Province fdatGcience Foundation of China (ZR2014CQO009),
Development of Science and Technology Plan PrograBinzhou (2013GG0304), and Innovation Progran®iof
Industry of Modern Agricultural Industry System®tiandong (SDAIT-06-011-14).

REFERENCES

[1] M Meijerink; ML Ferrando; G Lammers; N Taverne; t$#ith; JM WellsPlos One 2012 7(4), e35849.

[2] TF Zhang; Y Ding; TT Li; Y Wan; W Li; HC CherR Zhou.BMC Microbiol, 2012 12, 85.

[3] L Bonifait; MC Dominguez-Punaro; K Vaillancoy€ Bart; J Slater; M Frenette; M Gottschalk; D @es. BMC
Microbiol., 201Q 10, 42.

[4] ML Liu; LR Fang; C Tan; TS Long; HC Chen; SB Xi&MC Genomics2011, 12, 253.

[5] LK Cheng; J Wang; Q Fu; LZ Miao; XY Yang; SG;LF Li; ZQ ShenBiotechnol. Biotechnol. Equip2015
29(4), 779-785.

[6] M Follmann; | Ochrombel; R Kramer; C TrétschAl; Poetsch; C Rickert; A Hiser; M Persicke; D &tiifig; J
Kalinowski; K Marin.BMC Genomics$2009 10, 621.

[7] LM Stancik; DM Stancik; B Schmidt; DM BarnhaiX;N Yoncheva; JL Slonczewski. Bacteriol, 2002, 184(15),
4246-4258.

[8] LK Cheng; J Wang; QY Xu; CG Zhao; ZQ Shen; XXeXN Chen.World J. Microbiol. Biotechnal2013 29,
883-890.

[9] IN Phue; J ShiloaciMetab. Eng.2005 7, 353-363.

[10] HF Zhu; K ShimizuMetab. Eng.2005 7, 104-115.

[11] Q Guo; SJ Ahn; J Kaspar; X Zhou; RA Burn@bBacteriol, 2014 196(2), 227-236.

[12] YP Liu; P Zheng; ZH Sun; Y Ni; JJ Dong; P W&i.Chem. Technol. Biotechnd®008 83, 722-729.

[13] C Zhang; W Cong; SY Shisppl. Biochem. BiotechnpR01Q 162, 2149-2156.

[14] W Johnston; R Cord-Ruwisch; MJ CoonBjoprocess Biosyst. En2002 25(2), 111-120.

[15] PC Lee; WG Lee; SY Lee; HN Charigyocess Biochem1999 35, 49-55.

[16] GZ Ye; M Jiang; KQ Chen; J Li; YL Xi; XM Huand® Wei.Chin. J. Biotechno|201Q 26(2), 183-188.

[17] YG Ryu; M Butler; KF Chater; KJ Leéppl. Environ. Microbiol, 2006 72, 7132-7139.

[18] J Wang; LK Cheng; N CheBiotechnol. Biotechnol. Equip2014 28(3), 495-501.

[19] J Wang; B Wen; QY Xu; XX Xie; N Chemiotechnol. Biotechnol. Equif2015 29(2), 374-380.

[20] LK Cheng; J Wang; QY Xu; XX Xie; YJ Zhang; Cthao; N ChenAnn. Microbiol, 2012 62, 1625-1634.

568



