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Abstract 1 

Background: Various process intensifications are proposed to improve process 2 

efficiency, quality, and safety of fermented products. With the market significantly 3 

growing, the production process of L-leucine needs significant improvements to 4 

increased productivity and yield. Ultrasound, a process intensification, is an emerging 5 

and fast-growing technology due to its wide range of applications in food science and 6 

fermentation industry. 7 

Results: By optimizing the time points and parameters of ultrasound, the biomass of 8 

Corynebacterium glutamicum CP was significantly improved. The response surface 9 

methodology was adopted to create prediction profiler model and optimize sonication 10 

conditions. C. glutamicum CP fermentation at conditions of ultrasonic power of 94 W/L, 11 

frequency of 25 kHz, interval of 31 min, and duration of 37 s produced 52.89 g/L of L-12 

leucine in 44 h, increased by 21.6% compared with the control. The production 13 

performance of L-leucine was also improved under ultrasonic treatment. Moreover, the 14 

cell morphology of C. glutamicum CP were more irregular, elongated, and swollen cells 15 

under the ultrasonic condition. The cell permeability of C. glutamicum CP and the 16 

activity of key enzymes with ultrasonic treatment were significantly higher than the 17 

control. 18 

Conclusions: We successfully obtain the optimum ultrasonic conditions to produce L-19 

leucine in fed-batch culture. The results indicate that ultrasonication is an efficient 20 

intensification process for enhancing fermentation to produce L-leucine from C. 21 

glutamicum CP. 22 

 23 

Keywords: ultrasound; L-leucine; fermentation; Corynebacterium glutamicum; 24 

response surface methodology; fed-batch culture 25 

 26 

  27 
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Introduction 28 

L-leucine, a branched-chain amino acid, is one of eight essential amino acids that 29 

cannot be synthesized by mammals [1]. It plays an important role in physiological 30 

functions and metabolism [2, 3]. L-leucine is found in food, pharmaceutical, cosmetic 31 

applications, as a precursor for antibiotics and herbicides, and as a food additive [4]. 32 

Generally, L-leucine is produced by protein hydrolysis and extraction, chemical 33 

synthesis, enzymatic methods, and microbial fermentation. As the market demand for 34 

L-leucine increases, fermentation methods have attracted attention due to their 35 

economic and environmental friendliness. 36 

The most common bacteria used for L-leucine production via fermentation, are 37 

Corynebacterium glutamicum and Escherichia coli [5, 6]. In early stages, most L-38 

leucine production strains were isolated by random mutagenesis and selection. However, 39 

the random mutagenesis approach distributes genetic alterations throughout the 40 

chromosome, which are difficult to identify and may cause unexpected effects such as 41 

unwanted modifications, growth retardation, by-product formation, and unstable 42 

genetic phenotypes [7]. Recently, L-leucine-producing strains have been developed by 43 

targeted genetic manipulation to avoid this problem. Highly productive strains can be 44 

created in a genetically defined manner through improving the supply of precursors, 45 

releasing feedback inhibition and repression, blocking competing pathways, and 46 

overexpressing biosynthetic genes responsible for target amino acids [4, 8, 9]. Various 47 

studies related to the metabolic engineering of microbial cells toward L-leucine have 48 

been reported. With the wide type of C. glutamicum taken as the chassis strain, an 49 

efficient L-leucine production strain, MV-LeuF2, was developed using rational 50 

metabolic engineering, which accumulates L-leucine to levels exceeding 24 g/L under 51 

fed-batch culture conditions [10]. Wang et al. engineered C. glutamicum to enhance L-52 

leucine production by improving the redox flux and modification of carbon metabolism 53 

[11, 12]. 54 

Although great strides have been made in the development of L-leucine-producing 55 

bacteria, process engineering control and technology is essential to maximize the 56 

production performance of the strains and improve yields. Ultrasound technology, as a 57 

novel non-thermal physical processing technique, has been widely used in the food 58 

industry, especially in fermentation engineering [13, 14]. Moreover, Ultrasound 59 

technology is a process intensification that is defined as any technological development 60 

that leads to a safer, cleaner, and more energy-efficient process. In fact, ultrasound has 61 

a dual effect on microorganisms, lethally affecting or stimulating growth depending on 62 

the intensity and frequency of ultrasound application [15]. Ultrasound can alter the 63 

metabolic activity of microbial cells, resulting in accelerating proliferation, increasing 64 

metabolites, increasing enzyme production, and increasing membrane permeability [16, 65 

17]. The positive effect of low-intensity ultrasound on biofilm formation has been 66 

reported to increase the hydrophobicity and membrane permeability of biofilm-forming 67 

microorganisms by increasing the delivery of oxygen and nutrients to the deeper layers 68 

of biofilms [18, 19]. 69 

The beneficial effects of ultrasound on bioprocesses have been reported for several 70 

microorganisms. In general, gram-positive bacteria have a higher resistance to 71 
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ultrasound technology than gram-negative bacteria due to the characteristic cell wall, 72 

which is thicker and more robust in the former due to the cross-linking of teichoic acid 73 

and peptidoglycans [20]. The acetone-butanol-ethanol (ABE) yield of an ultrasound-74 

assisted fermentation process using Clostridium acetobutylicum MTCC 11274 was 75 

0.288 g/g raw biomass in 92 h compared with a yield of 0.168 g/g raw biomass in 120 76 

h with mechanical agitation [21]. Ultrasonic treatment can increase the production rate 77 

of GSH by S. cerevisiae during fermentation [22]. Furthermore, ultrasonic treatment 78 

had little effect on the survival ratio of algal cells but could promote the permeability 79 

and substrate utilization of mixotrophic microalgae, resulting in a significant increase 80 

in lipid accumulation and biomass [23]. Ultrasonic treatment has drawn the attention of 81 

many researchers due to its prospects for application in fermentation engineering. 82 

In this study, we used sonication as a medium to intensify the L-leucine 83 

fermentation process. We investigated the effects of different ultrasound powers, 84 

frequencies, intervals, and durations on C. glutamicum CP growth and L-leucine 85 

production and obtained the optimum combination by response surface methodology 86 

(RSM). We also analyzed the effects of ultrasound on cell morphology, cell membrane 87 

permeability, and activity of key enzymes to gain a mechanistic understanding of the 88 

enhancement of fermentation induced by ultrasound irradiation. This study aims to 89 

develop new strategies for improving L-leucine productivities. 90 

 91 

Results and discussion 92 

Effect of ultrasonic treatment in different growth phases on biomass of C. 93 

glutamicum CP 94 

The growth curve of C. glutamicum CP is plotted in Fig. 1A. The latent phase was 95 

4 h, the logarithmic phase was from 4 h to 20 h, and the stationary phase was after 20 96 

h of incubation. C. glutamicum CP was incubated for 2, 4, 8, 16, 20, and 24 h. The 97 

growth curves corresponded to the latent prophase and anaphase, the logarithmic 98 

prophase, metaphase, and anaphase, respectively. The effects of ultrasound treatment 99 

on the different growth stages of C. glutamicum CP are shown in Fig. 1. At the 100 

beginning of the acclimation phase and logarithmic phase, there was a significant 101 

increase in biomass, and at 8 h, the growth of C. glutamicum CP increased by 15.6% 102 

compared to the control. However, ultrasound treatment near and into the stabilization 103 

phase resulted in a significant decrease in biomass. This may be because the cell 104 

structure of C. glutamicum remained intact during the adaptation period, and the 105 

ultrasound caused less damage to the body, stimulated its proliferation, and enhanced 106 

its adaptability to the culture environment. During the steady period, the density of the 107 

bacteria is high, the nutrients in the medium are consumed, harmful metabolites 108 

accumulate, and the cell growth rate is almost equal to zero. At this time, the ultrasound 109 

treatment accelerates the decay of the cells, resulting in a decrease in biomass compared 110 

with the non-ultrasound treatment. As a result, C. glutamicum CP in the logarithmic 111 

phase of 8 h was selected to accept ultrasonic irradiation in the following experiments. 112 

 113 

Effect of ultrasound parameters on growth of C. glutamicum CP 114 

To improve the biomass, single-factor experiments were carried out and the effects 115 



5 

 

of different ultrasonic parameters on the growth of C. glutamicum CP were investigated, 116 

as shown in Fig. 2. Various ultrasonic powers (50, 100, 150, 200, and 250 W/L) were 117 

designed to investigate the effect of ultrasonic power on cell growth (Fig. 2A). All test 118 

powers enhanced the biomass to some degree, except for the power of 250 W/L. When 119 

the ultrasonic power was 50 and 150 W/L, there was no significant difference in 120 

biomass increment. The biomass reached a maximum with an increase of 21.5% over 121 

the control under an ultrasonic power of 100 W/L. This indicates that lower ultrasonic 122 

power can stimulate C. glutamicum CP growth, whereas over-stimulation by ultrasonic 123 

treatment with intensified power might result in cell damage. Thus, the ultrasonic power 124 

of 100 W/L was employed in the following experiments. Ultrasonic that frequencies 125 

were too high or too low had negative effects on the growth of microorganisms. Under 126 

the ultrasonic frequency of 25 kHz, the biomass reached a maximum with an increase 127 

of 17.5% compared with no ultrasonic treatment. Depending on the ultrasound 128 

frequency used, transient or stable cavitation is generated in the liquid medium. When 129 

the low frequency ultrasound within 20–100 kHz is used, the transient cavitation occurs. 130 

At high frequencies over 200 kHz, stable cavitation is observed, resulting in the regular 131 

oscillation between high and low acoustic pressure for thousands of cycles. As indicated 132 

in previous reports, megahertz frequency ultrasound resulted in no cavitation [24, 25]. 133 

Considering the high biomass, 25 kHz was chosen as the optimal ultrasonic frequency 134 

in the present work. 135 

It is very important to set a certain time interval for the process of ultrasonic 136 

treatment because serial ultrasonic treatment may cause irreversible damage to cells and 137 

instruments [26]. Several studies have reported the influence of ultrasonic pulsed 138 

models on the growth of microorganisms. It was found that the ultrasonic pulsed model 139 

of on time 100 s and off time 10 s under the conditions of 28 kHz, 100 W/L for 0.5 h of 140 

sonication time showed the highest increase in the peptide content and viable cell count 141 

compared with the control [27]. Ren et al. optimized the ultrasonic interval to improve 142 

the biomass and lipid accumulation of mixotrophic microalgae [23]. The ultrasonic 143 

interval had a great influence on the growth of C. glutamicum CP. The biomass of 144 

bacteria decreased significantly with shorter ultrasonic intervals. A maximum biomass 145 

increment of 12.7% was obtained when the ultrasonic interval was 30 min. Furthermore, 146 

the increment of C. glutamicum CP biomass with sonication treatment reached 147 

maximum when the ultrasonic duration was 40 s. 148 

 149 

Modeling L-leucine production with ultrasound treatment 150 

Response surface methodology (RSM) is an effective and commonly used 151 

mathematical optimization tool owing to the simultaneous analysis of interactions of 152 

several operating parameters with few experimental trials [28]. The Box–Behnken 153 

design is a spherical type design; it consists of a central point and middle points of the 154 

edges of the cube circumscribed on the sphere [29]. Furthermore, through RSM analysis 155 

and its verification experiments, a reasonably accurate empirical model was established 156 

to investigate and predict the relationship between independent variables and the yield 157 

of yogurt peptides [27]. Experimental modeling results for L-leucine production are 158 

shown in Table S2. The R2 value, F value, and P value were determined for use in 159 
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evaluating the mutual interaction of the independent and dependent variables (Table 160 

S3). A second-order polynomial model (Eq. (1)) fitted the experimental data well, with 161 

R2 values of 0.9747, which suggested that the models were significant and could be 162 

used to optimize the ultrasonic conditions of L-leucine fermentation. The model was 163 

highly significant (P < 0.01), and the lack of fit indicated a good correlation with the 164 

model data (P < 0.05). Furthermore, the coefficient of variance (CV), which represents 165 

the dispersion degree of the data, was rather low (CV < 10%) in the model. This further 166 

supports the good fit of the model, and thus, provides better reproducibility. The second-167 

order polynomial Eqns. (2) describes the relationship between ultrasonic powers (A), 168 

frequencies (B), interval (C), and duration (D). E represents scientific notation (E). 169 

 170 

Y= -526.26592 + 0.80385A + 27.23841B + 4.79884C + 5.99755D - 0.012437AB 171 

+ 0.012781AC - 1.94466E - 003AD - 0.070948BC - 0.036414BD - 9.12218E - 003CD 172 

- 4.37387E - 003A2 - 0.43179B2 - 0.060933C2 - 0.060604D2                  (2) 173 

 174 

Optimization of ultrasonic conditions by RSM analysis 175 

Using the regression evaluation, the four independent variables showed a linear 176 

effect on the production of L-leucine with ultrasonic processing. As shown in Table S3, 177 

L-leucine was significantly affected by ultrasonic power, frequency, interval, and 178 

duration at the level of P < 0.01. All quadratic terms were significant at P < 0.01. The 179 

interaction of AB, AC, and BC was statistically significant at P < 0.05, while the 180 

interaction of AD, BD, and CD was not significant (P > 0.05). Near the midpoint of the 181 

response plot, the L-leucine titers reached their highest. The influence of these four 182 

variables on L-leucine formation was further analyzed by three-dimensional plots of 183 

RSM models (graphical representations of the regression model). A moderate 184 

interaction between these assigned variables was characterized by the shape of the 185 

response surface curves. These response surface plots made it convenient to understand 186 

the interactions between any two factors and to locate their optimum levels. The L-187 

leucine titer was observed as a response variable to the interaction of the ultrasonic 188 

power versus frequency, and the rest of the two parameters were at central values. 189 

Furthermore, the L-leucine titer could be obtained at an optimal value of ultrasonic 190 

power and frequency. L-leucine production was enhanced at the ultrasonic power and 191 

frequency of central levels (Fig. 3A). The same course of the remaining factors (Fig. 192 

3B–F ) indicated that the optimal value of each parameter could be obtained. RSM has 193 

also been used in other ultrasound studies. For instance, under the optimal conditions 194 

carried out by RSM, the specific rate of the cis-epoxysuccinate hydrolase reached 195 

194.79 ± 1.78 mM/h/g, which was 4-fold higher than that in the control [30]. RSM 196 

coupled with Box–Behnken design has been chosen to find relations between the 197 

responses (in vitro angiotensin-I-converting enzyme inhibitory activity, peptide content, 198 

and biomass of B. subtilis) and some ultrasonic parameters [31]. 199 

The optimal conditions for L-leucine production were obtained by applying the 200 

prediction profiler model with the following data: ultrasonic power of 94.00 W/L, 201 

frequency of 25.47 kHz, interval of 31.13 min, and duration of 37.04 s. Under the 202 

optimal ultrasonic condition, the maximum predicted values of the L-leucine titer were 203 
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53.36 g/L. The experiments were performed in triplicate for validation of the model. 204 

The ultrasound treatment at the optimized conditions started at 8 h of fed-batch 205 

fermentation. The experimental conditions were ultrasonic power of 94.00 W/L, 206 

ultrasonic frequency of 25 kHz, ultrasonic interval of 31 min, and ultrasonic duration 207 

of 37 s. The biomass and L-leucine concentrations in the ultrasonic experiments were 208 

significantly higher than those in the control. The L-leucine titer was 52.89 g/L, which 209 

was about 1.21-fold higher than that in the control (43.5 g/L), which was similar to its 210 

predicted value (53.36 g/L) according to the equation. The errors between the predicted 211 

and experimental values < 2%. Thus, we extrapolated that the regression models 212 

obtained by RSM could predict L-leucine production by any combination of 213 

independent sonication variables.  214 

Due to the vigorous growth of cells, the nutrient and oxygen mass transfer rate 215 

increasing, the glucose consumption rate under the ultrasound treatment was faster than 216 

that of the control. L-leucine yield from glucose and productivity under ultrasound 217 

treatment were 0.30 mol/mol and 1.2 g/L/h, respectively, which were 8.2% and 14.2% 218 

higher than that in the control, respectively. In brief, ultrasound can improve the 219 

fermentation profile and productivity properties of L-leucine by increasing the viability, 220 

membrane permeability, and enzyme activity of the microbial cells. Therefore, 221 

ultrasound can be applied to L-leucine production processing if optimum 222 

ultrasonication parameters are carefully determined before applying sonication. 223 

According to extensive research, proper ultrasonic power density could increase the 224 

growth rate by improving the membrane fluidity and permeability of microorganisms, 225 

while excessive ultrasound treatment would cause the cell damage, as a result, biomass 226 

decreased accordingly. The existence of an optimal ultrasonic power density has also 227 

been reported earlier by other researchers [27, 32]. In addition, cavitation is known to 228 

produce a series of mechanical effects, such as particle collisions and cell wall 229 

disruption, which promote penetration of the solvent into the sample matrix and 230 

increase the mass transfer rates of anthocyanins [33]. The ultrasonic power could 231 

weaken the cell wall [25], increasing the contact between anthocyanins and solvent, 232 

which brought about a reduction of the sonication time. Ultrasonication has been 233 

applied to accelerate the fermentation process and improve the cell growth of S. 234 

cerevisiae, resulting in the formation of substances in the fermentation system [32]. 235 

 236 

Effect of ultrasonic treatment on the micrograph of C. glutamicum CP 237 

SEM is widely applied to investigate the surface characterization, morphology, 238 

and ultrastructure of microorganisms. For instance, Lee et al. founded that the C. 239 

ammoniagenes ΔramA mutant exhibits an elongated cell shape, which might relate to 240 

the decrease of cell wall-associated proteins as the ramA was knocked out [34]. After 241 

ultrasonic treatment, the surface of algal cell wall exhibited tiny cracks or holes, but the 242 

algal cell did not break and still had complete structure [23]. Therefore, we examined 243 

the effect of ultrasonic treatment on the cell morphology by SEM. When C. glutamicum 244 

CP grew to a stationary phase, a small amount of fermentation broth was removed to 245 

obtain the bacteria, which were fixed, dehydrated, and then observed by SEM. C. 246 

glutamicum CP cells showed a typical asymmetric rod shape, and V-shaped cell pairs 247 
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were observed frequently (Fig. 5). However, there were more irregular, elongated, and 248 

swollen cells under the ultrasonic condition than that under the control. After low-249 

strength ultrasonic treatment, C. glutamicum CP can survive and maintain the integrity 250 

of their cell structures. The cell wall plays an important role in cell permeability, with 251 

a variety of important functions, including maintenance of cell shape, protection from 252 

mechanical damage, and generation of turgor by restraining the outward osmotic 253 

pressure exerted on the cytoplasmic membrane. Studies have shown that the structural 254 

function of the cell membrane and cell wall improves intracellular synthesis and 255 

secretion processes simultaneously [35-37]. SEM images of untreated and treated 256 

samples could provide insights into the growth and metabolism of C. glutamicum CP.  257 

 258 

Effect of ultrasonic treatment on cell permeability 259 

The cell membrane can isolate the environment inside and outside the cell and 260 

plays an important role in reproduction, energy transfer, and substance metabolism [38]. 261 

It is the first line of defense for cells to be persecuted by the external environment or 262 

treatment. To determine whether ultrasonic treatment affects the integrity of the C. 263 

glutamicum CP cell membrane, fluorescence microscopy together with LIVE/DEAD 264 

BacLight Bacterial Viability Kits were used. With an appropriate mixture of SYTO 9 265 

and PI stains, cells with intact membranes stain fluorescent green, whereas bacteria with 266 

damaged membranes stain fluorescent red [39]. As shown in Fig. 6, under ultrasound 267 

treatment, the number of cells that emitted a green fluorescence were reduced compared 268 

with those without ultrasound treatment, while the number of cells emitting a red 269 

fluorescence increased. This indicated that the C. glutamicum CP cell membrane was 270 

destroyed to some extent under ultrasound treatment, which was beneficial to L-leucine 271 

production due to enhancing L-leucine transport. Ultrasonic stimulation can improve 272 

the permeability of the membrane, which affects the transport of nutrients, resulting in 273 

the variation of cell activity and intracellular compound synthesis [26, 40]. However, a 274 

high level of sonoporation can lead to leakage of cellular content due to physical 275 

disruption and modification of the membrane lipid bilayer, resulting in cell death. 276 

Therefore, ultrasound process parameters must be truly quantified and controlled to 277 

achieve the desired level of cell permeability [25, 41, 42]. In addition to direct 278 

microbubble contact, microstreaming around cavitating microbubbles provides a 279 

second possible origin of mechanical stress on the cellular membrane influencing 280 

permeability [41]. Moreover, stable microbubble oscillations can induce the formation 281 

of free radicals and molecular products such as H2O2, which play a crucial role in lipid 282 

bilayer reposition and membrane disruption by lipid peroxidation [43, 44]. Furthermore, 283 

the peroxidation of membrane lipids and location of proteins to the surface of the cell 284 

membrane increases membrane fluidity and membrane permeabilization upon 285 

ultrasound treatment [45, 46]. Another reason for membrane permeability enhancement 286 

could be acoustic cavitation, which is a mechanism underlying the mechanical effects 287 

of ultrasound irradiation [47]. 288 

 289 

Effect of ultrasonic treatment on the activity of enzymes 290 

Acetohydroxyacid synthase (AHAS) and isopropylmalate synthase (IPMS) 3-291 
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isopropylmalate dehydratase (IPMD) are key enzymes in the L-leucine biosynthetic 292 

pathway in bacteria. In C. glutamicum, only one AHAS is encoded by ilvBN. The leuA 293 

gene encodes IPMS, and the leuCD genes encode IPMD [48]. C. glutamicum CP cells 294 

from the stationary phase of the fed-batch culture with/without ultrasound were 295 

collected to study the effect of ultrasonic treatment on enzyme activity, as shown in Fig. 296 

7. The relative activity of AHAS under ultrasonication was not significantly different 297 

from that of the control. The relative activity of IPMS and IPMD under ultrasonication 298 

represented a significant increase of 8.9% and 18.2% over the control, respectively. 299 

Under suitable conditions, ultrasound changes the conformation of the enzyme to 300 

accelerate the contact between the enzyme and substrate, generating cavitation, 301 

magnetostrictive, and mechanical oscillation effects. Thus, bioactive molecules become 302 

involved and the biological activity of enzymes is promoted [16, 25, 41]. The catalytic 303 

activity of the enzyme strongly depends on the configuration of the active site. 304 

Ultrasonic treatment could induce changes in its secondary structure, which could lead 305 

to better exposure of the enzyme’s active sites [49]. Moreover, ultrasound can alter the 306 

characteristics of substrates and thereby reactions between enzymes and substrates. It 307 

can also provide an optimal environment for the reactions. Several studies have reported 308 

on the effect of ultrasonic treatment on enzyme activity. With ultrasound (20 kHz, 309 

amplitude at 20%) to irradiate on L. acidophilus BCRC 10695 during the stationary 310 

phase of growth for 2 min and 24 h of re-incubation, the beta-glucosidase activity was 311 

enhanced to 3.91 U/mL, which was 1.82 times higher than that without ultrasound 312 

treatment [50]. The conformational and residual activity changes of enzymes under 313 

ultrasound conditions were evaluated [51]. 314 

 315 

Conclusion 316 

Herein, four factors of ultrasound conditions, including power densities, frequencies, 317 

intervals, and duration, were investigated to obtain the optimum conditions to produce 318 

L-leucine by C. glutamicum CP in fed-batch culture, and the regression models obtained 319 

by RSM were used to predict L-leucine production. The enhancement of L-leucine 320 

production was attributed to intense micro-mixing induced by sonication, which has 321 

several possible implications on cell morphology, cell membrane permeability, and 322 

enzyme activity. This study provides a theoretical basis and technological support for 323 

better understanding and choosing ultrasonic conditions to produce L-leucine in the 324 

fermentation industry. 325 

 326 

Materials and methods 327 

Strain and culture media 328 

C. glutamicum CP, a leucine-producing strain, was obtained through multiple 329 

rounds of random mutation and screening and was deposited at the China General 330 

Microbiological Culture Collection Center under the accession number CGMCC 11425. 331 

The complete genome sequence of C. glutamicum CP was reported by Gui et al. [52]. 332 

The medium used for seed culture contained (per liter): 40 g glucose, 40 g corn 333 

steep liquor (CSL), 2 g KH2PO4·12H2O, 2 g MgSO4·7H2O, 5 mg FeSO4·7H2O, 0.2 g 334 

L-methionine, 0.3 g L-isoleucine, 0.5 mg biotin, and 0.2 mg thiamine. 335 
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The fermentation medium consisted of (per liter): 100 g glucose, 20 g CSL, 2 g 336 

KH2PO4·12H2O, 3 g MgSO4·7H2O, 30 mg MnSO4·H2O, 30 mg FeSO4·7H2O, 0.2 g L-337 

methionine, 0.3 g L-isoleucine, 2 g L-glutamic acid, 0.3 mg biotin, and 0.3 mg thiamine. 338 

All media were adjusted to a pH of 7.2 with NaOH. All reagents were purchased from 339 

Sigma-Aldrich (China). 340 

 341 

Fed-batch cultivation 342 

Fed-batch cultivations were performed in a 30-L fermenter (Baoxing Biological 343 

Equipment Engineering Co., LTD, Shanghai, China). Bacterial growth was monitored 344 

by measuring the optical density at 600 nm (OD600). The seed culture was transferred 345 

to bioreactors at the indicated inoculum size when the cells were in the mid-exponential 346 

phase (OD600 = 15–20). The culture was aerated at a rate of 0.6 vvm (volume per volume 347 

and minute) with filtered air and maintained at 32 °C. The stirrer speed, ventilation ratio, 348 

and bioreactor inner pressure were varied while keeping the dissolved oxygen 349 

saturation (DO) at 20–30%. The pH was kept constant at 7.0–7.2 by the automatic 350 

addition of ammonium hydroxide (25%, v/v). Antifoam was added to the bioreactor to 351 

prevent foam formation when necessary. When the concentration of glucose in the 352 

medium was reduced to 10 g L-1, feed solution (80% glucose, w/v) was added to 353 

maintain a concentration of approximately 5 g L-1 in the feed phase. 354 

 355 

Determination of the optimum ultrasonic treatment scheme 356 

In this section, the fermentation system consisted of a fermenter and multi-357 

frequency power ultrasonic equipment (Handan Haituo Machinery Technology Co. 358 

LTD, Hebei, China). The ultrasonic system included an ultrasound generator, transducer, 359 

and probe which was equipped to the bottom of the fermenter (Fig. S1). It was 360 

employed to study the influence of ultrasound treatment on the bacterial growth of C. 361 

glutamicum CP. The single factor experiment included two parts: exploring the effect 362 

of ultrasound on growth phases and the effects of ultrasonic power (50-250 W/L), 363 

frequency (15-40 kHz), interval (10-50 min), and duration (20-60 s) on the growth of 364 

C. glutamicum CP.  365 

 366 

RSM analysis of the optimum ultrasonic treatment scheme on the production of 367 

L-leucine 368 

The production of L-leucine was performed in a growth-coupled process, so the 369 

optimum ultrasonic conditions for L-leucine formation were based on single factor 370 

experiments described above. The influence of ultrasonic power, frequency, interval, 371 

and duration on L-leucine in the optimum scheme of ultrasonic treatment with the most 372 

efficient fermentation was investigated using RSM. The experimental design and 373 

statistical analysis were performed using the Design Expert statistical software (version 374 

8.0.6, Stat-Ease, Inc., USA). To evaluate the influence of the parameters and their 375 

interactive effects on the response surface in the region of investigation, a three-level, 376 

four-factor Box–Behnken design was employed. The experimental variables were 377 

investigated at three levels (-1, 0, +1). The range and levels of these independent 378 

variables are presented in Table S1. The titer of L-leucine produced by C. glutamicum 379 



11 

 

CP was selected as the response vector, Y (g/L). The response variables were fitted to 380 

the following second-order polynomial model equation (Eq. (1)), which describes the 381 

relationship between the responses and the independent variables. 382 

 383 

Y = β0 + Aβ1 + Bβ2 + Cβ3 + Dβ4 + ABβ5 + ACβ6 + ADβ7 + BCβ8 + BDβ9 + CDβ10 384 

+ A2β11 + B2β12 + C2β13 + D2β14                                         (1)  385 

 386 

Where Y is the response (L-leucine titer), A is the ultrasound powers, B is the 387 

ultrasound frequencies, C is the ultrasound intervals, D is the ultrasound durations, β0 388 

is a constant, β1–β4 are linear coefficients, β5–β10 are interaction coefficients between 389 

the factors, and β11–β14 are quadratic coefficients. 390 

 391 

Analytical methods 392 

Fermentation broth samples (5 mL) were retrieved every 4 h for analysis. Cell 393 

growth was determined by detecting changes in dry cell weight (DCW) as described 394 

previously [53].  395 

The detection and quantification of glucose in the culture supernatants was 396 

performed using an SBA-40E immobilized enzyme biosensor (Biology Institute of 397 

Shandong Academy of Sciences, Jinan, China). Amino acid concentrations were 398 

measured by high-performance liquid chromatography (HPLC) using an LC20AT 399 

system (Shimadzu, Kyoto, Japan) equipped with an Agilent ZORBAX Eclipse AA 400 

column (4.6 × 150 mm, 5 µm; Agilent Technologies, Palo Alto, CA, USA) with UV 401 

detection (360 nm). Acetate-buffered acetonitrile was used as the mobile phase at a flow 402 

rate of 1 mL/min [54]. All data were measured in triplicates. 403 

 404 

Preparation of crude enzyme solution and determination of enzyme activity 405 

The crude enzyme solution was prepared to determine the enzyme activities of 406 

AHAS, IPMS, and IPMD. The cells were collected by centrifugation (8000 × g, 10 min, 407 

4 °C) and washed with 50 mM Tris-HCl (pH 7.4). Then, the resuspended cells were 408 

sonicated and centrifuged (40,000 × g, 30 min, 4 °C) to remove cell debris. The 409 

supernatant constituted the crude enzyme solution. The protein concentration was 410 

determined using the BCA Protein Assay Kit (Solarbio, Beijing, China). Protein 411 

concentration and enzyme activity were measured in triplicate. 412 

The AHAS was determined according to a published method [55]. One unit of 413 

enzyme activity was defined as the amount of enzyme required to produce 1 µmol of 414 

acetolactate per minute under the optimal reaction conditions of the assay. 415 

The IPMS enzyme activity was determined by detecting coenzyme A formation 416 

using Ellmann's reagent [10]. One unit of enzyme activity was defined as the amount 417 

of enzyme that converts 1 µmol of α-isopropylmalate per min under the optimal 418 

reaction conditions of the assay.  419 

IPMD enzyme activity was determined by detecting the production of the reaction 420 

intermediate α-isopropylmaleate [10]. One unit of enzyme activity was defined as the 421 

amount of enzyme that converts 1 µmol α-isopropyl maleate per min under the optimal 422 

reaction conditions of the assay. 423 
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 424 

Scanning electron microscopy (SEM) analyses of C. glutamicum CP 425 

Fermentation broth samples with or without ultrasonic treatment were centrifuged 426 

at 8000 × g for 10 min. After removing the supernatant, the cell pellet was washed with 427 

a 0.85% NaCl solution three times and then resuspended and soaked in 4% 428 

glutaraldehyde solution for 3 h. After separation by centrifugation, the bacteria were 429 

rinsed with 0.85% NaCl solution three times and further dehydrated using 50%, 70%, 430 

90%, 95%, and 100% ethanol. The samples were dried at 37 °C for 3 h. The bacteria 431 

were adhered to the sample stubs with conductive carbon tape, followed by sputter 432 

coating with gold before the scanning process using an Oxford instrument (JEOL JSM-433 

5800LV, Japan) with a 10 kV beam. 434 

 435 

Cell membrane permeability 436 

LIVE/DEAD® BacLightTM Bacterial Viability Kits L7012 (Thermo Fisher, USA) 437 

were used for bacterial cell staining according to the protocol. The kit consisted of 438 

SYTO 9 dye and propidium iodide (PI), which both stain nucleic acids. SYTO 9 stains 439 

live cells, those with intact membranes, and those with damaged membranes in green, 440 

while PI penetrates only cells with damaged membranes, causing a reduction in the 441 

SYTO 9 stain fluorescence when both dyes are present. Prior to analysis, cell 442 

suspensions at their stationary phase were washed three times and resuspended in 0.85% 443 

NaCl solution. Equal volumes of dye mixture were added to the bacterial suspension. 444 

Then, the compound was mixed thoroughly and incubated at room temperature in the 445 

dark for 15 min. Stained cells were scanned using a fluorescence microscope equipped 446 

with a relevant filter (Olympus BX53, Japan). 447 

 448 

Statistical analysis 449 

Design Expert 8.0.6 software was used for analysis of the mean responses fitted to 450 

a second-order polynomial to obtain regression equations. The adequacy of the 451 

polynomial model was evaluated by the coefficient of multiple determinations (R2), and 452 

analysis of variance (ANOVA) was employed to determine the significance of the 453 

model. All the experiments were performed in triplicate and the results were analyzed 454 

using SPSS (version 18.0, SPSS, Inc., USA) software. Data normality and homogeneity 455 

of variances were tested using Shapiro–Wilk and Levene's tests, respectively. Data were 456 

subjected to Duncan's post hoc test. Statistical significance was set at P<0.05. 457 

 458 

  459 
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Figure Legends 

Fig. 1. Effect of ultrasound on growth of C. glutamicum CP in different phase. A: The 
growth curve of C. glutamicum CP; B: biomass increment of C. glutamicum CP 
cultivated with ultrasound in different incubation time. Different letters indicate 
significant difference (P < 0.05). 
Fig. 2. Effect of ultrasound parameters on growth of C. glutamicum CP. Biomass 
increment of C. glutamicum CP treated with the ultrasound under different powers (A), 
different frequencies (B), different intervals (C), and different durations (D). Letters 
indicate significant difference (P < 0.05). 
Fig. 3. Response surface plot for interactions between four independent variables on 
the L-leucine production. The titer of L-leucine was observed as a response variable to 
the interaction of two independent variables. The remainder of parameters was at 
central points. Two variables were plotted against each other in each panel. 
Fig. 4. Time profiles of biomass (A), glucose (B), and L-leucine (C) concentrations in 
fed-batch fermentation by C. glutamicum CP in control experiments and ultrasonic 
experiments. All fermentation experiments were performed with three independent 
replicates (n = 3). 
Fig. 5. Electron microscopic observation of cell morphology of C. glutamicum CP 
with/without ultrasonic treatment. A–B: control cells; C–D: ultrasound treated cells. 
Fig. 6. Fluorescence microscope images of C. glutamicum CP cells with/without 
ultrasonication. Green-fluorescent bacteria have an intact membrane; red fluorescent 
bacteria have a permeabilized membrane. A–B: control cells; C–D: ultrasound treated 
cells. 
Fig. 7. Relative activity of AHAS, IPMS, and IPMD in the stationary phase was 
determined. Data are presented as means ± standard deviations from three independent 

experiments. *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001. 

 

  



19 

 

Fig. 1. 

 

 

  



20 

 

Fig. 2. 

 
 

  



21 

 

Fig. 3. 

 

 

  



22 

 

Fig. 4. 

 

 

  



23 

 

Fig. 5. 

 

 

  



24 

 

Fig. 6. 

 

 

  



25 

 

Fig. 7. 

 

 



Figures

Figure 1

Effect of ultrasound on growth of C. glutamicum CP in different phase. A: The growth curve of C.
glutamicum CP; B: biomass increment of C. glutamicum CP cultivated with ultrasound in different
incubation time. Different letters indicate signi�cant difference (P < 0.05).



Figure 2

Effect of ultrasound parameters on growth of C. glutamicum CP. Biomass increment of C. glutamicum CP
treated with the ultrasound under different powers (A), different frequencies (B), different intervals (C),
and different durations (D). Letters indicate signi�cant difference (P < 0.05).



Figure 3

Response surface plot for interactions between four independent variables on the L-leucine production.
The titer of L-leucine was observed as a response variable to the interaction of two independent variables.
The remainder of parameters was at central points. Two variables were plotted against each other in
each panel.



Figure 4

Time pro�les of biomass (A), glucose (B), and L-leucine (C) concentrations in fed-batch fermentation by
C. glutamicum CP in control experiments and ultrasonic experiments. All fermentation experiments were
performed with three independent replicates (n = 3).



Figure 5

Electron microscopic observation of cell morphology of C. glutamicum CP with/without ultrasonic
treatment. A–B: control cells; C–D: ultrasound treated cells.



Figure 6

Fluorescence microscope images of C. glutamicum CP cells with/without ultrasonication. Green-
�uorescent bacteria have an intact membrane; red �uorescent bacteria have a permeabilized membrane.
A–B: control cells; C–D: ultrasound treated cells.



Figure 7

Relative activity of AHAS, IPMS, and IPMD in the stationary phase was determined. Data are presented as
means ± standard deviations from three independent experiments. *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001.
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