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Abstract
ε-Poly-l-lysine (ε-PL) is a natural food preservative, which exhibits antimicrobial activity against a wide spectra of micro-
organisms. The production of ε-PL was significantly enhanced by pH shock in our previous study, but the underlying 
mechanism is poorly understood. According to transcriptional and physiological analyses in this study, the mprA/B and 
pepD signal transduction system was first proved to be presented and activated in Streptomyces albulus M-Z18 by pH shock, 
which positively regulated the transcription of ε-PL synthetase (Pls) gene and enhanced the Pls activity during fermentation. 
Furthermore, pH shock changed the ratio of unsaturation to saturation fatty acid in the membrane through up-regulating the 
transcription of fatty acid desaturase genes (SAZ_RS14940, SAZ_RS14945). In addition, pH shock also enhanced the tran-
scription of cytochrome c oxidase (SAZ_RS15070, SAZ_RS15075), ferredoxin reductase (SAZ_RS34975) and iron sulfur 
protein (SAZ_RS31410) genes, and finally resulted in the improvement of cell respiratory activity. As a result, pH shock was 
considered to influence a wide range of proteins including regulators, fatty acid desaturase, respiratory chain component, 
and ATP-binding cassette transporter during fermentation. These combined influences might contribute to enhanced ε-PL 
productivity with pH shock.

Keywords ε-Poly-l-lysine · pH shock · Comparative transcriptomics · Signal transduction system · Electron respiratory 
chain

Introduction

ε-Poly-l-lysine (ε-PL) is a cationic polypeptide made of 
25–35 l-lysine residues linked together via amide bonds 
between the ε-amino group and the α-carboxylic acid group 
[12]. It is mainly produced by bacteria belonging to the 
family of Streptomycetaceae as a secondary metabolite 
[30]. ε-PL and its hydrochloride are used as a natural food 

preservative in Japan, South Korea, the United States, China 
and other countries for many years due to their antimicrobial 
properties and high food safety [37]. In addition, ε-PL has 
other numerous applications, such as drug carrier, nanoparti-
cle, gene carrier, liposome, interferon inducer, lipase inhibi-
tor, hydrogel, and coating material [1]. Currently, ε-PL has 
been industrially produced by aerobic fermentation using 
Streptomyces albulus. However, the high cost of production 
remains a major hurdle to widespread use of this natural 
antimicrobial agent and highly functional material.

It has been proved that improving the concentration of 
metabolite in fermentation broth through bioprocess opti-
mization is an effective way to reduce the cost of fermenta-
tion products. As a result, medium optimization [8], nutri-
tion feeding [7], dissolved oxygen regulation [35], in situ 
product removal fermentation [22], solid-state fermentation 
[34] and fermentation with immobilized cells [38] have been 
developed and achieved ε-PL production exceeding 30 g/L. 
pH is an important parameter for ε-PL accumulation. Kahar 
et al. [15] reported that no ε-PL was produced when pH was 
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maintained above 5.0 during fermentation, but this pH range 
benefited cell growth; however, pH in the range of 3.5–4.5 
achieved ε-PL accumulation a lot. Accordingly, a two-stage 
pH control strategy was developed and enhanced ε-PL pro-
duction to 48.3 g/L. Further investigations found that the 
control of pH 3.5–4.5 during fermentation could inhibit the 
activity of ε-PL-degrading enzyme and accumulate enough 
ATP for ε-PL synthetase activation [36]. Interestingly, we 
precisely adjusted pH in the range of 3.5–3.8 during fer-
mentation and enhanced the ε-PL production of Streptomy-
ces albulus M-Z18 by 16.6% [5]. Recently, we allowed pH 
to spontaneously decrease from 4.0 to 3.0 and then it was 
kept constant for 12 h at pH 3.0, and then pH was shifted 
back to pH 3.8 and maintained until the end of fermentation. 
Finally, this method, called pH shock, significantly improved 
the ε-PL production reaching 54.70 g/L [28]. Our previous 
study suggested that some key enzymes in the central meta-
bolic and ε-PL biosynthetic pathways in S. albulus M-Z18 
were generally strengthened by pH shock [27]. However, 
the underlying molecular mechanism is poorly understood.

To investigate the relationship between pH shock and 
high ε-PL production in S. albulus M-Z18, a steady fer-
mentation process is deemed essential. Therefore, we have 
modified the fermentation process and divided the process 
into two stages: the first stage (cultivation stage) comprised 
mycelia growth, pH shock and mycelia viability recovery 
and was performed in one fermenter, while the second stage 
(fermentation stage) only included ε-PL production at a con-
stant pH 3.8 and was performed in the other fermenter. As 
a result, the second stage improved ε-PL productivity by 
36.6% and successfully reduced the fermentation time by 
31.25% than the traditional fermentation process with pH 
shock [25]. In this study, RNA-seq analysis was employed 
to explore the profiles of genome-wide gene transcription 
in S. albulus M-Z18 in this steady fermentation process 
(the second stage), and the constant pH 3.8 (pH non-shock) 
fermentation process was used as the control. Meanwhile, 
biochemistry, quantitative real-time PCR and gene disrup-
tion experiments were used to validate the results of tran-
scriptional analysis. Finally, the reason responsible for the 
pH shock enhancing ε-PL production in S. albulus M-Z18 
was proposed.

Materials and methods

Bacterial strains, plasmids, primers

Bacterial strains and plasmids used in this study are listed 
in Table S1. The primers used in this study are listed in 
Table S2. E. coli DH5α was used as a general host for rou-
tine cloning experiment. E. coli ET12567/pUZ8002 was 
used for transferring plasmids from E. coli to Streptomyces 

by intergeneric. Streptomyces albulus M-Z18, a mutant from 
S. albulus Z-18 (CGMCC 10479) was used as a wild-type 
strain. pKC1132 (gifted from Professor Kecheng Zhang) was 
used as E. coli–Streptomyces shuttle vector for gene disrup-
tion inactivation.

Culture conditions

The seed medium and fermentation medium were used in 
this study as described previously [15, 21]. All media com-
ponents were purchased from Sinopharm Chemical Reagent 
Co., Ltd (Shanghai, China) with analytical and biochemical 
grades. One liter multi-bioreactor system and 5-L fermenter 
were employed for different processes of fermentation, with 
the optimized conditions as reported previously [25]. pH 
shock process was applied in the first stage of the fermenta-
tion (1-L multi-bioreactor system) and developed as follows: 
pH was spontaneously dropped from initial pH 6.80 to pH 
5.00, then kept constant at pH 5.00 by automatic addition of 
ammonia water (12.5%, v/v) for 8 h. After that, the pH was 
uncontrolled and maintained for 12 h (including pH decline 
from 4.0 to 3.0), and then the pH was recovered to 3.85 
and kept until the DO recovery to below 50% air saturation. 
The same regulation was developed in control group except 
for pH shock. The second stage of the fermentations was 
developed in the 5-L fermenter and inoculated by different 
fermentation broth from the first stage.

Construction of the recombinant strains

To construct the gene disruption mutants of S. albulus 
M-Z18, the partial DNA fragments of the target genes 
(mprA, mprB, pepD, desk, desR and sigE) were amplified 
by PCR, and then they were cloned into HindIII and EcoRV 
sites of pKC1132 plasmid using ClonExpress MultiS One 
Step Cloning Kit (Vazyme Biotech) to construct disrup-
tion plasmids. Besides, attP (a homologous sequence of 
ϕ31 attB site in S. albulus M-Z18) was amplified by PCR 
from pIB139 plasmid and cloned into pKC1132 plasmid by 
the above method to construct pKC1132-attp as control. 
Subsequently, these plasmids (pKC1132-attp, pKC1132-
mprA, pKC1132-mprB, pKC1132-pepD, pKC1132-desk, 
pKC1132-desR and pKC1132-sigE) were introduced into 
S. albulus M-Z18 via ET12567/pUZ8002 by conjugal trans-
fer. Apramycin resistance gene was verified by PCR using 
primers Apr-F and Apr-R.

Analytical methods

Assay of dry cell weight (DCW), residual glucose,  NH4
+-N 

and ε-PL production was performed as described previously 
[28].
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Fatty acid component analysis

Mycelia were harvested by centrifugation at 3000×g for 
15 min, and the pellet was washed three times with dis-
tilled water. The fatty acids in the cells (40–50 mg in wet 
weight) were saponified and methylated. The methyl ester 
mixtures were determined by gas chromatography (TSQ 
8000, Triple Quadrupole GC–MS/MS, Thermo Fisher 
Scientific, USA). Fatty acids were identified by the MIDI 
microbial identification system. Minor fatty acids (< 0.6% 
of the total) are not considered. The data were expressed 
as a relative percentage of each fatty acid compared to the 
total area. For each condition, three repetitions of three 
independent experiments were considered.

Heme measurements

Heme was determined as described by Michener with 
appropriate modifications [23]. Mycelia were harvested 
by centrifugation at 12,000×g for 5 min. The mycelia was 
washed with water, transferred to an amber centrifuge 
tube, and centrifuged again at 4 °C and 8000×g for 5 min. 
The pellet was then resuspended in 500 μL of 20 mM 
oxalic acid and stored at 4 °C in the dark for 16 h. After 
the acid extraction, 500 μL of 2 M oxalic acid was added 
to each tube. Half of the resulting suspension was trans-
ferred to a new centrifuge tube and heated to 95 °C for 
30 min. The other half was unheated and acted as control. 
After centrifugation, 200-μL supernatant of each sample 
(heated and unheated) was measured by the Synergy H4 
Microplate Reader (Biotek, Winooski, VT, USA) at the 
excitation wavelength of 400 nm and an emission wave-
length of 620 nm. The assays were performed in triplicate, 
and the results were expressed as umoL per mg of total 
protein (umoL/mg protein). All assays were performed in 
triplicate.

Assay of ε‑PL synthetase activity

ε-PL synthetase (Pls) activity was determined as described 
by Chen [6]. The mycelia were suspended in 100  mM 
Tris–HCl buffer (pH 7.5) that contained 20% glycerol and 
1 mM dithiothreitol and were then immediately processed by 
ultrasonic decomposition in an ice bath for 30 min with 2 s 
running and 2 s intervals with a 650 W sonicator (SM-650D; 
Shunma Tech., Nanjing, China). Unbroken cells and debris 
were removed by centrifugation at 12,000×g for 20 min. The 
supernatant was used as a crude extract for the determina-
tion of Pls activity. One unit of Pls activity was defined as 
the amount of enzyme which catalyzed the consumption of 
1 pmol of l-Lysine per second in the assay at 30 °C. The 

assays were performed in triplicate, and the results were 
expressed as units per mg of total protein (U/mg protein).

Assay of respiratory activity

The redox dye had been widely used to determine the res-
piratory activity of bacteria. 5-cyano-2, 3-ditolyl-tetrazolium 
chloride (CTC), a soluble and non-fluorescing stain, could 
be adsorbed and reduced into an insoluble red-fluorescent 
substance (CTC formazan) by respiring cells via the elec-
tron transport chain and accumulating in the cell. Higher 
fluorescence intensity represents higher respiratory activity. 
The mycelia were collected from the shake flask by centrifu-
gation at 12,000g for 5 min, washed twice and resuspended 
in saline (0.9% NaCl). CTC staining was conducted in a 
1.5 mL Eppendorf tube using a Bacstain-CTC rapid stain-
ing kit (Dojindo, Kumamoto, Japan) for 30 min at 37 °C 
according to the instructions [28]. Two hundred microliters 
of stained samples was deposited on a 96-well plate and 
measured under the Synergy H4 Microplate Reader (Biotek, 
Winooski, VT, USA) at the excitation wavelength of 488 nm 
and an emission wavelength of 630 nm. All assays were 
performed in triplicate.

RNA extraction and RNA‑seq analysis

The samples were taken from 5-L fermenter at 24 h in the 
second stage of the fermentation. About 50 mL of fermen-
tation broth was extracted and centrifuged to remove the 
supernatant. After washing with sterile water, the bacte-
ria were treated with liquid nitrogen for 20 min, and then 
used for RNA-seq analysis. Total RNA was extracted using 
RiboPure™ -Yeast Kit (Life technologies, USA), following 
the manufacturer’s protocols. Total RNA was digested using 
DNase I (New England Biolabs, USA), mRNA was enriched 
by removing the rRNAs using RiboZero™ Magnetic Kit 
and then purified with RNA Clean XP Beads (Agencourt, 
USA). cDNA library was constructed and sequenced by Illu-
mina Hiseq 2000. Raw sequencing fragments were filtered 
to remove adaptors and low-quality reads. Transcriptome 
assembly was carried out with short reads assembling pro-
gram. Only more than twofold differentially transcriptions 
(p < 0.01, FDR < 0.01) were considered to be significant and 
these genes were selected.

Identification of differentially expressed genes 
(DEGs) and gene ontology (GO) enrichment of DEGs

Transcript abundance of all unigenes was calculated using 
the fragments per kilobase per million reads (FPKM) method 
[31]. In this work, the significance of gene transcription dif-
ferences was assessed using the |fold change| ≥ 2.0 (p < 0.01, 
FDR < 0.01). GO enrichment of DEGs was conducted using 
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the Blast2GO program. We mapped all DEGs to each term 
of the GO database (http://www.geneo ntolo gy.org/) and then 
calculated the unigene number corresponding to each GO 
term. GO terms with p < 0.05 were defined as significantly 
enriched.

Quantitative real‑time PCR

Reverse transcription was achieved with PrimeScript™ RT 
reagent Kit (Takara, Dalian, China). The transcriptional 
level of genes was determined by quantitative real-time 
PCR (qRT-PCR) on StepOne Real-Time PCR (Applied 
Biosystems) with  SYBR® Premix Ex Taq™ (Ti RNaseH 
Plus) (Takara, Dalian, China). The PCR conditions were 
pre-denaturation at 95 °C for 1 min followed by 40 cycles 
of 15 s denaturation at 95 °C, 35 s annealing at 60 °C and 
15 s extension at 95 °C [19]. All of these reactions were 
repeated thrice and qRT-PCR results were subjected to 
 2−△△Ct method for relative quantification with endogenous 
gene [20]. Primers were designed according to the sequences 
from the S. albulus M-Z18 genome. For each gene, the fer-
mentation samples in pH non-shock group were defined as 
the expression level of 1.0, and results were expressed as 
the fold increase of mRNA level over the control samples.

Statistical analysis

Each value is a mean of three replications. The results are 
expressed as mean ± standard deviation (mean ± S.D.). The 

difference between experimental group and control group 
in this study was distinguished by the statistical analysis 
with the GraphPad Prism 6.0 and p < 0.05 was considered 
significant.

Results and discussion

Comparative transcriptomic profiles analysis

To understand the effects of pH shock on ε-PL biosynthe-
sis and cell growth in the level of gene transcription, com-
parative transcriptomic analysis was conducted. A total of 
7792 differentially expressed genes (DEGs) were detected 
by RNA-seq technology. Using statistical criteria of |Fold 
change| ≥ 2 and p < 0.01, a total of 199 significant DEGs 
were identified. Among which, 130 unigenes were up-regu-
lated while 69 unigenes were down-regulated (Table S3). To 
further investigate these significant DEGs, GO classification 
was conducted and the results were summarized in three 
main categories: biological process, molecular function 
and cellular component (Fig. 1). Within the biological pro-
cess category (Fig. 1a), DEGs assigned to ‘transmembrane 
transport’ (GO:0055085) and ‘signal transduction system’ 
(GO:0000160) were the most, indicating pH shock affected 
the transport of substrate and signal transduction process 
in S. albulus M-Z18. Unigenes were also enriched in ‘oxi-
dation–reduction’ (GO:0055114), in which four unigenes 
were up-regulated while two unigenes were down-regulated. 

Fig. 1  Gene ontology clas-
sification of DEGs. The results 
are summarized in three main 
categories: biological process 
(a), molecular function (b) and 
cellular component (c)

http://www.geneontology.org/
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Within the molecular function category (Fig. 1b), most of 
the DEGs were assigned to ‘ATPase activity, coupled to 
transmembrane movement of substances’ (GO:0042626). 
Unigenes were also enriched in ‘phosphorelay sensor 
kinase activity’ (GO:0000155), in which all of unigenes 
were up-regulated. Within the cellular component category 
(Fig. 1c), DEGs were mainly assigned into terms related to 
membrane, including ‘plasma membrane’ (GO:0005886), 
‘membrane’ (GO:0016020), ‘integral component of mem-
brane’ (GO:0016021) and ‘integral component of plasma 
membrane’ (GO:0005887), and related to ‘cell wall’ 
(GO:0005618). The results indicated that membrane and 
signal transduction system could be significantly affected 
by pH shock. Thus, the genes involved in cell membrane 
and signal transduction system were further investigated.

The transcriptional changes related to cell 
membrane

Three DEGs related to lipid metabolism were identified from 
the transcriptome data, which were involved in steroid hor-
mone biosynthesis (SAZ_RS40140), fatty acid degradation 
(SAZ_RS04465) and synthesis/degradation of ketone bodies 
(SAZ_RS02815) (Table S3). Two DEGs (SAZ_RS14940, 
SAZ_RS14945) annotated to regulate fatty acid desatu-
rase were up-regulated by 2.27 and 2.01-fold, respectively 
(Table S3). Further qRT-PCR showed that the expression 
levels of both genes were enhanced by 2.33 and 2.18-fold, 
respectively (Fig. 2). The result was consistent with the tran-
scriptome data. The fatty acids components of S. albulus 
M-Z18′s membrane were analyzed and shown in Fig. 3a, b. 
With the treatment of pH shock, tetradecanoic acid (C14:0), 

hexadecanoic acid (C16:0) and heptadecanoic acid (C17:0) 
in S. albulus M-Z18 were significantly decreased, whereas 
tetradecenoic acid (C14:1), hexadecenoic acid (C16:1) and 
heptadecenoic acid (C17:1) were increased, especially hexa-
decenoic acid (C16:1), which only existed after pH shock. 
The change of fatty acid composition in cell membrane not 
only lead to the decrease of average chain length, but also 
resulted in increase in the ratio of unsaturated to saturated 
fatty acids in the membrane from 5.18 to 7.49 (Table 1). 
The ratio of saturated to unsaturated fatty acids is an impor-
tant factor modulating the permeability of cell membrane. 
In addition, phospholipids with unsaturated fatty acids were 
more elastic than phospholipids with saturated fatty acids 
[17]. Therefore, cell membrane fluidity was enhanced after 
pH shock, which was beneficial for substance transportation 
and energy metabolism. The increase of membrane fluid-
ity could also enhance the acid tolerance of the cells [2, 4, 
13]. Foster [9] reported that Salmonella typhimurium could 
obtain stronger viability after an acid shock in log phase. 
Interestingly, we also found S. albulus M-Z18 obtained 
stronger acid tolerance after pH shock [25].

The transcriptional changes of genes involved 
in transmembrane transportation

As shown in Fig. 1a, 21 DEGs were significantly enriched in 
transmembrane transport (GO:0055085) process. Eighteen 
unigenes were annotated as ATP-binding cassette (ABC) 
transporters (Table 2), and other three unigenes (SAZ_
RS34335, SAZ_RS29210, SAZ_RS05735) were annotated 
as sugar porter family major facilitator superfamily (MFS) 
transporter, mycobacterial membrane protein large (MMPL) 
family transporter, respectively. Among these transmem-
brane transport DEGs, 16 unigenes were up-regulated and 
5 unigenes were down-regulated. Interestingly, five uni-
genes (SAZ_RS25245, SAZ_RS25250, SAZ_RS06610, 
SAZ_RS06615, SAZ_RS11800) related to iron transporta-
tion were all up-regulated. It is reported that iron is a com-
ponent of heme, the up-regulated unigenes may promote the 
synthesis of heme, thereby further enhancing the metaboli-
cactivity of cells [18]. This inference has been confirmed 
by the determination of heme. As shown in Fig. 3c, the 
content of intracellular heme increased significantly after 
pH shock by 50.69%, 41.88% and 140.88% during different 
periods of the fermentation. In addition, the related cation 
ion transport protein is closely connected with pH changes 
and respiratory chain in the fermentation process of Strep-
tomyces [32]. The expression level of one ABC lipid trans-
porter unigene (SAZ_RS40565) was highly up-regulated by 
8.81-fold after pH shock, suggesting that cells’ response to 
pH shock was by enhancing lipid metabolism and transport 
[3]. Transmembrane transporters play important roles in a 
variety of cellular functions, including cellular metabolism, 

Fig. 2  Transcription level of genes related to signal transduction sys-
tem in S. albulus M-Z18 during fermentation with pH shock. mprA: 
SAZ_RS24700, mprB: SAZ_RS24705, desK: SAZ_RS14940, desR: 
SAZ_RS14945, pepD: SAZ_RS24695, sigE: SAZ_RS22690
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ion homeostasis, intracellular pH homeostasis and signal 
transduction [24]. The up-regulated expression of these 
genes showed that transporters in S. albulus M-Z18 cells 
can response to pH shock timely, which might be conducive 
to nutrient uptake and secondary metabolites excretion.

The transcriptional changes of genes involved 
in signal transduction system

With pH shock, unigenes involved in ‘signal transduction 
system’ (GO:0000160) were all up-regulated (Table 2). The 
results showed that the signal transduction pathway existed 
in response to stress caused by pH shock in S. albulus 
M-Z18. Unigene SAZ_RS22690 encoding RNA polymer-
ase sigma factor (sigE) had a 2.80-fold up-regulation, which 
was significant for the transcription of genes in prokaryotes. 
Two pairs of two-component system (TCS), mprA/B (SAZ_
RS24700, SAZ_RS24705) and desK/R (SAZ_RS14940, 
SAZ_RS14945) were up-regulated by 2.27, 2.01, 3.86 and 
2.78-fold, respectively, together with a serine protease pepD 
(SAZ_RS24695) had a 5.08-fold up-regulation. The expres-
sions of these unigenes were verified through qRT-PCR, the 
results were consistent with transcriptome (Fig. 2). TCSs 
play major roles in signal transduction and thus it is essential 
for its host to be able to adapt to a stress environment. It has 

Fig. 3  Fatty acid composition analysis of cellular membrane and intracellular heme measurements (a saturated fatty acids, b unsaturated fatty 
acids, c intracellular heme content)

Table 1  The effects of pH shock on average chain length and unsatu-
ration of membrane fatty acids in S. albulus M-Z18

Values are mean ± SD from three independent experiments
Asterisks represents significant differences between the pH non-shock 
and
pH shock groups, **p < 0.01
a Ratio of unsaturated/saturated fatty acid = (C14:1 + C16:1 + C17:1)/
(C13:0 + C14:0 + C15:0 + C16:0 + C17:0)

pH non-shock pH shock

Average chain length 15.01 ± 0.02 14.87 ± 0.03**
Unsaturated/saturated fatty 

acid  ratioa
5.18 ± 0.05 7.49 ± 0.07**
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been reported that pH shock can cause significant changes 
in the transcription of TCS-related genes of Streptomyces 
coelicolor in a wide range [16].

To confirm the relationship between these unigenes 
involved in the signal transduction system and ε-PL biosyn-
thesis, the corresponding gene disruption mutants were con-
structed and shake flask fermentation results shown in Fig. 4. 
The disruption of desK, desR and sigE showed no significant 
effect on the cell growth of mutants, ε-PL production, and 
the consumption of glucose and time profile of pH change 
compared with the control strain (Fig. 4a–d). However, the 
ability of spores’ production of mutant strains with desK, 
desR and sigE disruption decreased when they were culti-
vated on the plate (Fig. 4f), which means that these three 

genes may be related to the formation of spores. However, 
the disruption of mprA, mprB and pepD genes reduced the 
production of ε-PL by 52.11%, 60.56% and 55.63%, respec-
tively. Interestingly, the final DCW of three mutant strains 
reached 7.48, 7.87 and 7.72 g/L, respectively, but there were 
no significant differences with the control strain (7.84 g/L). 
It was indicated that the inactivation of these three genes had 
little effect on the cell growth of mutants. Besides, the final 
pHs (3.46, 3.53 and 3.42) in the mutant strains’ fermenta-
tion broth were higher than that of the control strain (pH 
2.98), and the glucose consumption rate was relatively low 
during the whole fermentation (Fig. 4a–d). To investigate 
whether the decrease of ε-PL production in three mutants 
is related to the transcription of ε-PL synthetase gene (pls, 

Table 2  The DEGs involved in transmembrane transport, electron carrier activity and signal transduction system

Unigene ID Fold change Description

Transmembrane transport
 SAZ_RS25245 2.19 Iron ABC transporter permease
 SAZ_RS25250 2.14 Iron ABC transporter permease
 SAZ_RS06610 2.22 Iron ABC transporter permease
 SAZ_RS06615 2.30 Iron-siderophore ABC transporter protein
 SAZ_RS11800 2.55 Iron ABC transporter permease
 SAZ_RS40565 8.81 ABC lipid transporter
 SAZ_RS18410 3.10 ABC transporter ATP-binding protein
 SAZ_RS07390 2.07 ABC transporter ATP-binding protein
 SAZ_RS05070 3.82 ABC transporter ATP-binding protein
 SAZ_RS22405 2.17 ABC transporter ATP-binding protein
 SAZ_RS22415 2.03 ABC transporter ATP-binding protein
 SAZ_RS27445 2.65 ABC transporter ATP-binding protein
 SAZ_RS05065 3.02 ABC transporter permease
 SAZ_RS18420 3.14 ABC transporter permease
 SAZ_RS05720 − 2.36 ABC transporter permease
 SAZ_RS39675 − 2.86 ABC transporter permease
 SAZ_RS40085 − 2.55 ABC transporter ATP-binding protein
 SAZ_RS24490 − 2.18 Phosphate ABC transporter substrate-binding protein PstS
 SAZ_RS29210 2.16 MMPL family transporter
 SAZ_RS34335 2.19 Sugar porter family MFS transporter
 SAZ_RS05735 − 2.22 MFS transporter

Electron carrier activity
 SAZ_RS15070 4.48 Cytochrome c oxidase
 SAZ_RS15075 4.77 Cytochrome c oxidase
 SAZ_RS34975 2.12 Ferredoxin reductase
 SAZ_RS31410 2.60 Iron sulfur protein

Signal transduction system
 SAZ_RS24695 5.08 Serine protease pepD
 SAZ_RS14940 2.27 Two-component system, NarL family, sensor histidine kinase DesK
 SAZ_RS14945 2.01 Two-component system, NarL family, response regulator DesR
 SAZ_RS24700 3.86 Two-component system, OmpR family, response regulator MprA
 SAZ_RS24705 2.78 Two-component system, OmpR family, response regulator MprB
 SAZ_RS22690 2.80 SigE family RNA polymerase sigma factor
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SAZ_RS35855), we detected the transcription of pls gene 
in three mutant strains by qRT-PCR. As shown in Fig. 4e, 
only the transcription of pls gene in mutant strains with 
mprA, mprB and pepD disruption showed significant reduc-
tion by 83.51%, 92.62% and 93.21%, respectively, compared 
with the control strain. It confirmed the signal transduction 

related to mprA, mprB and pepD genes played a positive 
regulatory role in the transcription of pls gene.

Unfortunately, the functions of mprA, mprB and pepD 
were not reported in Streptomyces until now. However, the 
MprAB has been reported as an intact signal transduction 
system in Mycobacterium tuberculosis [26]. M. tuberculosis 

Fig. 4  Time profiles of batch fermentation parameters of mutant strains (a–d), pls transcriptional levels in mutants at 24 h (e), and growth of 
wild and mutant strains on plate with 50 μg/ml apramycin (f)
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is often exposed to various environmental and physiologi-
cal stresses during growth in the host, including hypoxia, 
nutrient limitation, reactive oxygen and low pH. To adapt 
to these conditions, MprAB is found participating in these 
stress responses [29]. Therefore, the relationship between 
MprAB and PepD was investigated [11]. It was reported that 
PepD was participated in the mycobacterial stress response 
mediation through MprAB and SigE. Authors proposed that 
MprB was kept inactive under non-stress condition by a pro-
tein repressor. When the membrane was exposed to a stress 
condition, this repressor disengaged from MprB. This leads 
to the activation of the MprAB system and subsequent up-
regulation of genes comprising the MprAB regulon, includ-
ing mprAB, pepD, and sigE [11, 33]. Herein, we have proved 
the disruption of mprA/B and pepD could down-regulate 
the transcription of pls, suggesting that mprA/B and pepD 
might sense the pH shock signal and subsequently regulate 
the transcription of pls. To the best of our knowledge, this is 
the first TCS (MprAB) proved for regulation of ε-PL biosyn-
thesis in S. albulus. However, the detailed regulation process 
needs to be elucidated further in a future study.

The transcriptional changes of genes involved 
in the respiratory activity

pH shock significantly affected the ‘electron carrier activ-
ity’ (GO:0009055) within the biological process category 
shown in Fig.  1b. The unigenes cytochrome c oxidase 
(SAZ_RS15070 and SAZ_RS15075), ferredoxin reductase 
(SAZ_RS34975) and iron sulfur protein (SAZ_RS31410) 
were up-regulated by 4.48-, 4.77-, 2.12- and 2.60-fold, 
respectively, which are the major components of the res-
piratory chain (Table 2). Jiang et al. [14] reported that the 
respiratory vitality of the cells is significantly enhanced after 
alkaline pH shock. The up-regulated expression of these 
genes means that respiratory activity was strengthened in S. 
albulus M-Z18 by pH shock. To confirm this speculation, 
the respiratory activity of S. albulus M-Z18 was analyzed 
during fermentation. As shown in Fig. 5, the respiratory 
activity of mycelia in pH shock and pH non-shock fermen-
tations showed the same trend, but the respiratory activity of 
S. albulus M-Z18 was always higher in pH shock fermenta-
tion. At the end of fermentation, the respiratory activity of S. 
albulus M-Z18 in pH non-shock fermentation was reduced 
to 66.77%, but it was only reduced by 51.67% in pH shock. 
The final respiratory activity in pH shock group was signifi-
cantly higher than that in pH non-shock group (p < 0.01).

The transcriptional changes of ε‑PL synthetase gene

ε-PL synthetase (Pls) is a non-ribosomal peptide synthase 
that catalyzes intracellular l-lysine to form ε-PL, which 
is the key enzyme in the ε-PL biosynthesis and might be 

influenced by pH shock. However, pls was only up-regulated 
1.79-fold in the transcriptome. As the key enzyme, the tran-
scription of pls is important for ε-PL synthesis. The tran-
scription of pls in pH shock and pH non-shock fermentation 
is monitored and shown in Fig. 6a. The changes in pls had 
the same trend, and the highest transcriptional level of pls 
was increased by 2.73-fold and 1.45-fold at 72 h, respec-
tively. Interestingly, the transcription of pls in pH shock is 
significantly higher than that in pH non-shock during fer-
mentation. In addition, we also measured the pls activity 
during the whole fermentation. As described in Fig. 6b, it 
reached the highest level (469.32 and 298.28 U/mg protein) 
at 48 h and then decreased along with fermentation. pls 
activity was always higher during the fermentation with pH 
shock strategy. Therefore, pH shock might increase the pls 
activity in S. albulus M-Z18 through improving the tran-
scription of pls, and finally promoted the ε-PL production. 
Similarly, the transcript levels of the methylenomycin bio-
synthetic gene (mmy) were enhanced after acidic pH shock, 
eventually leading to an increase in the production of meth-
ylmycin [10]. Thus, pH shock can effectively increase the 
transcription of the synthetic gene related to metabolite, 
thereby promoting the synthesis of the metabolites.

Conclusions

Based on transcriptional analysis combined with these 
physiological validation experiments, the mechanism of 
Streptomyces response to pH shock was revealed as Fig. 7. 
pH shock activated the MprA/B and PepD signal trans-
duction system in S. albulus M-Z18, then resulted in up-
regulating the transcription of pls, and finally enhanced 

Fig. 5  Time profile of respiratory activity of S. albulus M-Z18 during 
fermentations with pH shock and pH non-shock
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the Pls activity during fermentation. Meanwhile, the pH 
shock increased the membrane permeability through the 
regulation of unsaturation/saturation fatty acid ratio by 
DesK/R, which might be helpful for intracellular and 
extracellular substances transportation. In addition, the pH 

shock also enhanced the cell respiratory activity through 
up-regulating the transcription of genes involved in the 
major components of the respiratory chain, which might 
provide sufficient energy for cell growth and ε-PL biosyn-
thesis. These combined observations were considered to 

Fig. 6  Time profile of transcriptional changes of pls (a) and pls activity (b)

Fig. 7  The response mechanism of Streptomyces response to pH shock
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have contributed to the enhanced ε-PL productivity with 
the pH shock.
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