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Abstract

:

Agar oligosaccharides from the degradation of agar harbor great potential in the food and pharmaceutical industries. An agar-degrading bacterium, Vibrio natriegens WPAGA4, was isolated from the deep sea in our previous work. However, the agar-degrading activity of WPAGA4 remains to be improved for more production benefits of this strain. The aim of this study was to enhance the agar-degrading activity of WPAGA4 by using atmospheric and room temperature plasma (ARTP) mutagenesis. Three mutant strains, including T1, T2, and T3, with good genetic stability were obtained, and the agar-degrading activities of these strains increased by 136%, 141%, and 135%, respectively. The optimal temperature and pH for agar degradation were slightly changed in the mutant strains. No sequence mutation was detected in all the agarase genes of WPAGA4, including agaW3418, agaW3419, agaW3420, and agaW3472. However, ARPT mutagenesis increased the relative expression levels of agaW3418, agaW3419, and agaW3420 in the mutant strains, which could be the reason for the improvement of degradation activities in the mutant strains. Furthermore, T3 had the lowest consumption rate of agar oligosaccharide, which was 21% less than the wild-type strain. Therefore, T3 possessed a preferable production value due to its higher degrading activity and lower consumption of agar oligosaccharides. The current work enhanced the agar-degrading activity of WPAGA4 and offered strains with greater potential for agar oligosaccharide production, thereby laying the foundation for industrial applications.
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1. Introduction


Agar is one of the world’s three major seaweed polysaccharides, which is mainly extracted from red algae, such as Gracilaria sp. and Gelidium sp. [1]. The application of agar in food and other industries is greatly limited because of its high viscosity and insolubility at room temperature [2]. The oligosaccharides from agar degradation with a low molecular weight, better water solubility, and high absorbency [3] have biological activities such as anti-inflammation [4], antitumor [5], whitening [6], and anti-obesity [7], which offers agar oligosaccharides a wide range of applications in beauty, food, medicine, and other industries [8]. Microbial hydrolysis is a low-pollution and environmentally friendly method for agar degradation compared to chemical degradation methods [3]; therefore, it is receiving more and more attention for agar degradation and oligosaccharide preparation.



Atmospheric and room temperature plasma (ARTP) is a novel, efficient, and safe genome-wide mutagenesis tool based on plasma jets that alters the structure and permeability of cell walls and membranes and could cause DNA damage in microorganisms [9]. ARTP mutagenesis can be operated flexibly at atmospheric pressure and room temperature (25–40 °C), which is simpler and more economical than conventional physico-chemical mutagenesis while keeping the operator safe and the environment pollution-free [10,11]. Recently, the ARTP mutagenesis technique has been applied to a number of different microorganisms to improve their enzyme activity [12], such as protease [13], amylase [14], xylanase [15], cellulase [16], and phospholipase D [17].



In a previous study, we isolated a bacterium, Vibrio natriegens WPAGA4, from deep-sea sediments. Four agarase genes, namely agaW3418, agaW3419, agaW3420, and agaW3472, were found through genome sequencing and enzyme activity determination, which proved that this bacterium has the potential to be applied in agar degradation [18,19,20]. However, the enzyme activity of the bacteria remains to be improved to further lower the cost of agar degradation and oligosaccharide preparation. Therefore, the present study aims to improve the activity of agar degradation of WPAGA4 by using ARTP technology, thereby laying the foundation for in-depth investigation of agar degradation and providing efficient and stable germplasm resources for the industrial production of agar oligosaccharide.




2. Materials and Methods


2.1. Strain, Medium, and Growth Conditions


The bacterium V. natriegens WPAGA4 was isolated from the deep-sea sediment in the Western Pacific (157°24′31″ E, 19°30′30″ N) at a depth of 5378 m in our previous work [20]. The strain was stored in an ultra-cold storage freezer at −80 °C in our laboratory.



The 2216E liquid medium (pH 7.4) contained the following components: 5.0 g peptone, 1.0 g yeast extract, 0.01 g iron phosphate, and 1 L seawater. The agar medium was made by adding 20 g of agar to 1 L 2216E liquid medium. All media used in this study were sterilized at 121 °C for 30 min.



To determine the optimized temperature for growth, the strain was cultured in liquid 2216E medium at 180 rpm at various temperatures (25, 28, 31, 34, and 37 °C) for 12 h. The absorbance of culture broth was measured by using a spectrophotometer at a wavelength of 600 nm (OD600). To determine the growth curve, the strain was cultured in liquid 2216E medium at 180 rpm at 28 °C for 0, 2, 4, 6, 8, 10, 12, 14, 16, 18, 24, 30, 36, and 48 h, and the OD600 of the broth was measured.



A total of 150 μL of culture broth with an OD600 value of 0.8 was spread on the solid 2216E plate and was incubated at 28 °C for 12 h. The number of colony-forming units (CFUs) per mL was counted after the incubation.




2.2. Atmospheric and Room Temperature Plasma (ARTP) Mutagenesis


The strains were inoculated into 2216E liquid medium with 1% inoculum volume (v/v) and were cultured in a shaker (180 rpm) at 28 °C for 12 h. After that, 1 mL culture solution was sampled and centrifuged at 4266× g for 10 min at 4 °C, and the bacteria precipitates were resuspended with 5% sterilized glycerin (v/v). The suspended bacterial solution was uniformly coated on the sterile metal slide and placed in the ARTP mutator apparatus (Wuxi Yuanqing Tianmu Biological Technology Co., Ltd., Wuxi, China) for a mutation test (120 W, 10 SML). The exposure time under the plasma jet was set as 0, 5, 10, 15, and 20 s. After mutagenesis, the slide was placed back into a 1.5 mL centrifuge tube, and the bacteria were suspended by swirling oscillation for 1 min. A total of 100 µL treated bacterial suspension was coated on the 2216E solid medium, and the optimal induction intensity was calculated according to the fatality rate. The fatality rate is calculated as follows:


  L =     N   c   −   N   s       N   c      



(1)




where Nc and Ns are the colony numbers of the untreated and treated samples by using ARTP mutagenesis, respectively.




2.3. Positive Clone Screening


The bacterial solution after ARTP treatment was spread on a fresh 2216E plate and was cultured at 28 °C for 24 h. The clear zones around the colonies were observed after pooling Lugo’s iodine solution on the plates. The agar degradation abilities of the mutated colonies were initially assayed based on the degradation zone, which is defined as the rates of the diameters of transparent zones to the colony. The colonies with higher rate values compared to the wild-type strain were selected and inoculated into 2216E liquid medium for further enzyme activity measurement to confirm the increase in the agar degradation activities of the mutant strains compared to the wild one.




2.4. Measurement of Enzymatic Activity


The selected strains were inoculated into 2216E liquid medium and cultured at 180 rpm and 28 °C until the OD600 values reached 0.8 and the number of mutant strains was the same as that of the wild-type strain by using a microplate reader (Biotek, Winooski, VT, USA). The supernatant was sampled to determine the agar degradation activity by centrifuging at 4266× g and 10 °C for 10 min. The determination of the degradation activity of the fermentation broth was performed by the 3,5-dinitrosalicylic acid (DNS) method [21] as follows: a total of 25 μL of supernatant was mixed with 225 μL of 0.4% agarose solution (w/v), and the mixture was incubated at a certain temperature for 50 min. Subsequently, 750 μL of DNS solution was added into the mixture and was heated at 100 °C for 10 min, and the absorbance value of the reaction solution was measured at OD550. The enzyme activity unit (U) was defined as the amount of enzyme required to hydrolyze agarose to produce 1 μmol of reducing sugars per minute. The activities of the mutant strains were statistically compared with the wild-type strain by using the t-test.




2.5. Measurement of Optimal Degradation Conditions


To determine the optimal temperature and pH of the mutant and the wild-type strains, the supernatant was reacted with 0.4% (w/v) agarose solution at various temperatures (0, 10, 20, 30, 40, 50, 60, and 70 °C) and pHs (pH 3.0–8.0, 50 mmol/L citrate buffer; pH 8.0–9.0, 50 mmol/L Tris-HCl buffer; pH 10.0–10.6, 50 mmol/L glycine-NaOH buffer), and then the enzyme activity was measured based on the method in Section 2.4. The maximum agar degradation activity in the experimental group was set to 100%.



The effects of the metal ions and chemical reagents on the degradation activity were measured by using the method in Section 2.4 with the metal ions (MgCl2, CuSO4, CaCl2, NaCl, ZnSO4, MnSO4, FeSO4, NH4Fe(SO4)2, and KCl) and chemical reagents (EDTA, SDS, β-mercaptoethanol, and DTT) at a final concentration of 1 mmol/L. The control group without any metal ions or chemical reagents was set to 100%.



All experiments in this section were performed with three biological replicates.




2.6. Stability of the Mutant Strains


The mutant strains were cultured in 2216E liquid medium at 180 rpm and 28 °C until the OD600 value reached 0.8. Next, the culture was transferred to fresh 2216E liquid medium at 1% inoculum volume (v/v) and cultured in a shaker under the same conditions for five generations. The enzyme activity of each generation was measured by using the method in Section 2.4. The stable activity of the mutants was evaluated by comparing the activities across the generations.




2.7. Genome Sequencing and Insertion-Deletion (InDel) Analysis


The genome sequences of mutant strains were sequenced by Wuhan Benagen Technology Company (Wuhan, China) using the platforms of Nanopore GridION (Oxford Nanopore Technologies, Oxford, UK) and Illumina Hiseq (Illumina, California, CA, USA). The genome sequences of mutant strains were aligned against the wild-type strain by using Nucmer (version 3.1, default parameters), and the SNP information on the genome alignment sequences was output by using the tool show-snps (parameter-C: only the uniquely matched SNPs in the alignment results) in Mummer (version 3.23). Finally, we annotate these SNPs through Gene Ontology (GO), Kyoto Encyclopedia of Genes and Genomes (KEGG) and Cluster of Orthologous Groups (COG).




2.8. Neoagarooligosaccharide (NAOS) Consumption in Degrading Strains


The wild-type and mutant strains were inoculated into 2216E liquid medium (1% inoculum size) with additional NAOS at a final concentration of 0.5 g/L and were cultured at 28 °C and 180 rpm. A total of 1 mL broth was sampled at 0, 3, 6, 9, and 12 h and was centrifuged for 15 min at 4266× g and 4 °C for sampling the supernatant to determine the remaining NAOS concentrations in the fermentation broth by using the DNS method outlined in Section 2.4.




2.9. Real-Time Quantitative PCR (RT-qPCR)


The strain was cultured in liquid 2216E medium with 0.4% agarose at 180 rpm and 28 °C for 14 h, and the total RNA was extracted by using RNAprep Pure Cell/Bacteria Kit (Transgen, Beijing, China). The RNA concentration was determined by using NanoDrop ONE (ThermFisher, Waltham, MA, USA). The total RNA was reversely transcribed into cDNA by using Applied Biosystems 7500 Fast Real-Time PCR Systemy (ThermFisher) by strictly following the instructions of Takara PrimeScript™ RT reagent kit (Takara, Kusatsu, Japan). We chose the glyceraldehyde-3-phosphate dehydrogenase (GAPDH) genes as the housekeeping genes. The primers used for RT-qPCR are listed in Table 1. Relative gene expression was calculated based on the expression level of housekeeping genes GAPDH: ΔCT (Target) = CT (Target) − CT (GAPDH), ΔCT (control) = CT (control) − CT (GAPDH), ΔΔCT = ΔCT (Target) − ΔCT (control), gene expression = 2−ΔΔCT. All experiments were repeated three times.




2.10. Heterologous Expression and Purification of the Agarase Genes


The genes agaW3418, agaW3419, agaW3420, and agaW3472 were expressed in E. coli BL21(DE3) cells using a pEAZY®-Blunt E2 expression vector (TransGen Biotech., Beijing, China). The recombinant protein was obtained by ultrasonication and then purified by Ni-nitrilotriacetic acid (NTA) Sefinose™ Resin (Tiangen Biotech, Beijing, China). The molecular weights and purities of recombinant AgaW3418, AgaW3419, AgaW3420, and AgaW3472 were subsequently estimated using SDS-PAGE and Coomassie brilliant blue staining. The recombinant proteins were mixed according to their proportions in RT-qPCR results.





3. Results


3.1. Lethality Rate of WPAGA4 after ARTP Treatment


The rejuvenated strain that was cultured at 28 °C for 12 h was selected for further ARTP mutagenesis according to the results of optimal temperature (Figure 1A) and growth curve (Figure 1B) analyses. A lethality rate of 95% was chosen as the threshold for obtaining a maximum frequency of mutation based on former work [17,22]. The result showed that a lethality rate of 95% of the WPAGA4 strain required an exposure time of 15 s (Figure 1C). Therefore, 15 s was selected as the most appropriate time for ARTP treatment in this study.




3.2. Screening and Verification of the Mutants


Three mutant strains, including T1, T2, and T3, had larger diameter ratios of transparent circles/colonies than the wild-type strain (Figure 1D). The CFUs per mL of mutant strains at OD600 of 0.8 had no significant difference from that of the wild-type strain (t-test; p > 0.05; Table S1). The growth curves of the mutant strains were not obviously changed (Figure S1). Furthermore, the enzyme activities of the T1, T2, and T3 strains in the broth were determined. The results showed that the relative enzyme activities of T1, T2, and T3 strains in the broth significantly increased to 136%, 141%, and 135% compared to the wild-type strain, respectively (t-test; p < 0.05) (Figure 1E). After five-generation cultivation, the agar-degrading activities of the three mutant strains were maintained (Figure 1F) and were still significantly higher than the wild-type strain (t test; p < 0.05; Table S2), indicating high genetic stability.




3.3. Enzymatic Properties of WPAGA4, T1, T2, and T3


The optimal temperature of the three mutant strains was the same as the wild-type strain (50 °C; Figure 2A). Compared with the wild-type strain, the optimal pH of T1 and T3 decreased to 7 (Figure 2B). The activities of the T2 and T3 strains increased with Ca2+, and the activities of the T3 strain with Fe3+, Fe2+, and Zn2+ were higher than the other strains (Figure 2C). The tolerance of T1, T2, and T3 strains to SDS was improved compared with the wild-type strain. Moreover, DTT and EDTA had inhibitory effects on the activities of T1 and T3, and EDTA had a promoting effect on the activity of T2 (Figure 2D).




3.4. Genome Sequencing and Comparative Genomic Analysis


The genomes of the three mutant and wild-type strains were sequenced to further explain the mechanisms of agar degradation activity increase in mutant strains. A total of 24, 25, and 24 indels was found in the genomes of strains T1, T2, and T3, respectively. Moreover, 151, 155, and 180 SNPs were detected in the genomes of strains T1, T2, and T3, respectively (Table 2). However, no sequence mutation was discovered in agaW3418, agaW3419, agaW3420, and agaW3472 genes in all mutant strains.




3.5. Real-Time qPCR Analysis


The ratio of gene expression levels of agaW3418, agaW3419, agaW3420, and agaW3472 in the wild-type strain was approximately 3:7:0.1:1. In the three mutant strains, the expression ratios of these four genes were approximately 11:32:1:1 (T1), 13:34:1:1 (T2), and 6:15:1:1 (T3), respectively (Figure 3A). Therefore, almost all the expression levels of the genes agaW3418, agaW3419, and agaW3420 were greatly increased in mutant strains. In detail, the expression level of agaW3418 in T1, T2, and T3 increased by 117%, 116%, and 115%, respectively. The expression level of agaW3419 in T1 and T2 increased by 151% and 124%, respectively; however, that of T3 decreased by 85%. The expression level of agaW3420 in T1, T2, and T3 increased by 304%, 235%, and 248%, respectively (Figure 3A).




3.6. The Degradation Activities of the Agarase Mixtures with Different Mole Ratios


The four agarases were mixed based on the mole ratios according to the relative expression level proportions in strains T1, T2, and T3 in RT-qPCR results, and then the agar degradation activities of enzyme mixtures were measured to verify the effect of enzyme proportion on agar degradation. The result showed that the degradation activities of the agarase mixture with the mole ratios of T1, T2, and T3 increased to 135%, 127%, and 121%, respectively (Figure 3B).




3.7. The Determination of Agar Oligosaccharide Substrate Consumption


The oligosaccharide concentrations in the medium decreased with time by bacterial consumption before 6 h. The consumption of oligosaccharides in the mutant strains T1, T2, T3, and the wild-type strain were 71%, 68%, 51%, and 62% at 6 h, respectively. The consumption of oligosaccharides by T1 and T2 was higher than that of the wild-type strain. After 6 h, there was no obvious change in oligosaccharides consumption. And by 12 h, the oligosaccharides consumed by mutant strains T1, T2, T3, and the wild-type strain were 76%, 75%, 55%, and 76%, respectively. Therefore, the oligosaccharide consumption of strain T3 was the lowest among the strains (Figure 3C).





4. Discussion


In this study, we applied ARTP technology to WPAGA4 and obtained three mutants—T1, T2, and T3—with increased agar degradation activity to 136%, 141%, and 135%, respectively. The higher agar degradation activity is conducive to increasing the yield of agar-oligosaccharides, reducing the production cost of agar-oligosaccharides, and providing a basis for their application in food, cosmetics, and other industries.



The oligosaccharides from agar degradation can be further utilized by the degrading strains [23], thereby resulting in product consumption and increasing the cost of oligosaccharide preparation. The mutant strain T3 showed a 21% reduction in oligosaccharide consumption compared to the wild-type strain. This reduction in oligosaccharide consumption enhances the application values of T3 in oligosaccharide production.



The ARTP technique has been successfully applied to improve the enzyme activity of bacteria, fungi, and microalgae, including xylanase [15], cellulase [16], protease, and amylase [13]. It represents a novel and effective breeding strategy. As far as we know, this is the first performance of ARTP technology for increasing agar-degrading activity. In addition, the ARTP/EMS-combined mutagenesis method was used to improve starch-degrading enzyme production [24]. Therefore, the agar-degrading activity of WPAGA4 could be further improved by using co-mutagenesis or multiple rounds of mutagenesis in future experiments.



In this study, Cu2+ and Mn2+ strongly inhibited the agar-degrading activities of the three mutant strains and the wild-type strain. Therefore, both Cu2+ and Mn2+ should be avoided as much as possible in industrial production, which could improve the production efficiency of oligosaccharides.



Furthermore, this work investigated the underlying cause of the increased degrading activity. Initially, we hypothesized that mutations in the agarase sequences were responsible for this phenomenon. However, genome sequencing revealed that there were no mutations in the sequences of the four agarase genes. Subsequently, we employed RT-qPCR to determine the expression levels of the four agarase genes in the three mutant strains and detected the obvious increasing expression levels of three agarase genes therein. Therefore, we speculate that the increasing expression levels of the agarase genes were the possible reason for the improved agar-degrading activity of the mutant strains. Subsequently, the activity improvement of the agarase mixture with the mole ratios based on the RT-qPCR result verified our speculation.



The increasing expression levels of agarase genes resulted in a changed ratio of the expression levels of four agarase genes in the mutant strains compared to the wild one. Previous studies have demonstrated that cellulose degradation requires mixed cellulases, and the proportion of enzyme amounts in the mixture affects their synergistic effect and hydrolysis efficiency [25]. The expression levels of agarase genes not only increased but also showed a similar expression ratio for four agarases in the mutant strains. Therefore, an appropriate expression level ratio of agarases is also of value for efficient agar degradation in addition to the high expression levels of agarase genes.




5. Conclusions


Three mutant strains with increased activity were obtained based on the deep-sea bacterium V. natriegens WPAGA4 by using ARTP technology in this study. Their biochemical properties for agar degradation slightly varied compared to the wild WPAGA4 strain. However, the gene sequences of agarases in the mutant strains were not changed. The enhanced activity was attributed to the increasing expression levels of agarase genes and appropriate expression level ratios in the mutant strains. The current study provides efficient and stable germplasm resources for agar degradation and agar-oligosaccharide industrial production.
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Figure 1. The growth and the agar-degrading activity analyses of WPAGA4. (A) The effect of temperature on the growth of WPAGA4; (B) the growth curve of WPAGA4; (C) the effect of ARTP treatment time on the lethality rate of WPAGA4; (D) the clean zones of the wild-type (W4) and mutant strains (T1, T2, and T3). The numbers following the strain names in the figure are the diameter ratios of transparent circles/colonies; (E) the relative agar degradation activities of WPAGA4, T1, T2, and T3. The symbols “**” and “***” represent the p values lower than 0.05 and 0.01, respectively; (F) the genetic stability of mutants T1, T2, and T3 for degradation activity increase. 
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Figure 2. The effects of temperature (A), pH (B), metal ions (C), and chemical agents (D) on the agar degradation activity of WPAGA4, T1, T2, and T3. SDS, sodium dodecyl sulfate; DTT, dithiothreitol; ME, β-mercaptoethanol; EDTA, ethylenediaminetetraacetic acid. 
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Figure 3. (A) Analysis of gene expression levels of four agarases in the wild-type and mutant strains; (B) the relative activity of agarase mixtures with various mole ratios; (C) the effect of culture time on the consumption of oligosaccharides in the medium. 
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Table 1. Primer sequences.
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Gene

	
Primer Name

	
Sequence (5′→3′)






	
agaW3418

	
3418-F

	
TTCCGGCTCTAATGTTGATATCGTC




	
3418-R

	
GACCGTCTTTTCCAGCCGAG




	
agaW3419

	
3419-F

	
CCAATACAGAAACGCGCTCTG




	
3419-R

	
CATTTAACTGACCAGAAGTGATTCCG




	
agaW3420

	
3420-F

	
GTTTCTATCGTGCCAACCTGATG




	
3420-R

	
CCAACGTGGTAAAACCCCAATC




	
agaW3472

	
3472-F

	
CTGCGTTAATGTCACAGGTAACAC




	
3472-R

	
GGGGAACGAAAACCAGAATAGTG




	
GAPDH

	
GAPDH-F

	
CTGTTGACGGTCCTTCTGCTAAAG




	
GAPDH-R

	
AGTTCGCCTTCAGAAGCTTC











 





Table 2. The indels and SNPs.
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	Indels
	Insertions
	Deletions
	SNPs
	Intergenic
	Upstream
	Downstream
	Exonic





	T1
	24
	19
	5
	151
	112
	15
	10
	14



	T2
	25
	19
	6
	155
	109
	16
	23
	7



	T3
	24
	19
	5
	180
	142
	10
	11
	17
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