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Abstract: Streptomyces sp. HNS054, which was previously isolated from a marine sponge, demon- 16
strates vigorous growth and facile genetic modification. This study explores its potential as a marine 17
actinomycete chassis through complete genome sequencing and genetic engineering. Witha7.5Mb 18
genome containing 6678 predicted genes, 21 secondary metabolic biosynthetic gene clusters (BGCs), 19
and 8 common site-specific recombination (SSR) system attB loci, HNS054 shows a close phyloge- 20
netic relation to S. griseoincarnatus strain RB7AG. Utilizing multiplexed site-specific genome engi- 21
neering (MSGE) and the CRISPR/Cas9 method, engineered strains derived from HNS054 (with three 22
copies of the target BGCs) produce higher amounts of aborycin and actinorhodin than S. coelicolor ~ 23
M1346 (containing three copies of the same BGCs). HNS054 stands out for its remarkable character- 24
istics, including salt tolerance, rapid growth, and compatibility with synthetic biology tools, and 25
positions it as a promising candidate for developing marine actinomycete hosts to enhance second- 26
ary metabolite production. 27
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Recent advances in genome sequencing, especially marine microbial metagenomics, 32
have amassed a rich wealth of marine biosynthetic gene clusters (BGCs) [1]. These BGCs 33
represent a valuable resource for drug discovery and development, but they need to be 34
expressed in suitable host cells. Host cells should be able to perform complex biosynthetic 35
pathways and tolerate possible toxic effects of heterologous products. Actinomycetes 36
serve as excellent hosts for expressing a wide range of bioactive compounds, including 37
antibiotics, antitumor agents, immunosuppressants, and pigments. Their versatility 38
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makes them ideal for overexpressing complex and biotoxic natural products, finding ap- 39
= plications across diverse sectors such as medicine, agriculture, food, and industry [2,3]. 40
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Noteworthy examples such as S. coelicolor [4], S. lividans [5,6], S. albus [7], and S. aver- 41
mitilis [8], which originate from terrestrial environments, serve as mature platforms for 42
the heterologous expression of various complex natural products. However, marine nat- 43
ural products may have different structures and activities than terrestrial ones, and ma- 44
rine actinomycetes may be more compatible with them. Nevertheless, progress in the de- 45
velopment of marine actinomycete chassis has been relatively constrained. To date, only 46
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two instances stand out: the establishment of Salinispora tropica CNB-4401 [9] and MGCEP 47
1.0 [10], derived from the marine actinomycetes S. tropica CNB-440 and S. atratus SCSIO 48
ZH16, respectively. 49

Actinomycete chassis cells undergo diverse genetic enhancements, involving ge- 50
nome simplification [11], removal of native secondary metabolite BGCs [12], insertion of 51
site-specific recombination (SSR) system attB loci to integrate multiple foreign BGCs [13], 52
and removal of negative regulators of BGC expression [14,15]. These modifications aimto 53
enhance the heterologous expression of foreign BGCs. Consequently, potential hosts ear- 54
marked as chassis should be compatible with genetic engineering tools. 55

In our prior investigations, Streptomyces sp. HNS054, isolated from a marine sponge 56
Mycale sp. [16], underwent extensive examination for its proficiency in novel natural prod- 57
uct synthesis [17]. HNS054 exhibits robust growth and is amenable to genetic modifica- 58
tion. In this study, the complete genome of HNS054 was sequenced, and genetic engineer- 59
ing methods were applied to evaluate its potential as a host for foreign BGC expression. 60
The aborycin and actinorhodin BGCs served as test cases. Salinity tolerance, growth rates, 61
biomass accumulation, and antibiotic sensitivity were also scrutinized. The results indi- 62
cate that hosts derived from HNS054 have the potential to be developed as marine actino- 63

mycete chassis. 64
2. Results 65
2.1. Genomic Features and Annotation of HNS054 66

The complete genome of HNS054 (GenBank: CP139576) consists of the linear chro- 67
mosome approximately 7.5 Mb in size, with a GC content of 72.3%. It encompasses 6678 68
putative protein-coding genes, 72 transfer RNA (tRNA) genes, and 18 ribosomal RNA 69
(rRNA) genes. A summary of the genome information for HNS054 is presented in Figure 70
1 and Table S1. Although no CRISPR/Cas systems were detected by CRISPRCasFinder, 24 71
CRISPR arrays were identified (Table S2). 72

The COG, GO and KEGG database annotations assigned functional categories to 73
5121, 4766, and 2380 genes in the genome of HNS054, respectively (Figure S1-S3). Among 74
them, 129 genes were associated with secondary metabolite biosynthesis, transport, and 75
metabolism, indicating the strain's potential to produce various secondary metabolites. 76
Notably, 1194 genes with unknown functions were identified, warranting further explo- 77
ration. 78
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Figure 1. Schematic representation of the linear chromosome of HNS054. The outermost circle 80
shows the genome size. Circles 2 and 3 depict genes on the positive and negative strands, respec- 81
tively. Different colors denote various functional classifications based on COG categories. Circle 4 82
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displays repeating sequences. Circle 5 illustrates the BGCs. Circle 6 marks tRNA genes. Circle 7 83
labels TRNA genes. Circle 8 reflects the GC content. Light yellow sections indicate regions with GC 84
content higher than the average genomic GC content, while blue sections indicate regions with GC 85
content lower than the average genomic GC content. Circle 9 reveals GC-skew ([G - C/G + C]). Dark 86
gray areas indicate regions with higher G content than C, and red areas represent regions with 87
higher C content than G. 88

2.2. Comparative Genome and Pan-genome Analysis 89

The genomic study of Streptomyces reveals that essential genes are distributed in the 90
core chromosomal region centered around the replication origin (oriC). The subtelomeric 91
regions at both ends of the linear chromosome, containing genes with lower conservation, 92
are identified as non-essential gene regions [18]. Therefore, the delineation of these ge- 93
nomic regions is crucial for guiding the construction of a genome-minimized chassis. The 94
location of the OriC of HNS054 was identified to be at positions 3740805-3741749 bp, ap- 95
proximately 19.7 Kb away from the chromosomal center at 3761515 bp (Figure S4). The 9
OriC has 22 DnaA boxes and an AT-rich region: ACAAAAAA. Multi-genome alignment 97
analysis revealed that the genome of HNS054 is symmetrical, consisting of a core region 98
spanning about 5.73 Mb and two subtelomeric regions housing the accessory genome 99
(Figure S5). The core region features highly conserved and homologous genes, while the 100
accessory genome encompasses dispensable elements, including 18 genomic islands (GIs) 101
predicted by IslandViewer4 (Figure S6). These Gls are primarily concentrated in the sub- 102
telomeric regions, potentially contributing to the strain’s adaptation and diversity. 103

Core genome phylogeny revealed a close association between strain HNS054 and S. 104
griseoincarnatus RB7AG (Figure 2A). The most recent 16S rRNA data (Figure S7) posi- 105
tioned strain HNS054 within the same cluster as S. griseoincarnatus LMG 19316T. Average 106
Nucleotide Identity (ANI), reflecting the average nucleotide identity of all orthologous 107
genes shared between any two genomes, provided a robust distinction between strains of ~ 108
the same or closely related species, typically showing an 80-100% ANI range. Digital 109
DNA-DNA hybridization (dDDH) values, offering a direct measure of shared gene con- 110
tent weighted by shared sequence similarity in silico, tended to be higher for closer related 111
species. Both ANI and dDDH data consistently indicated that strain HNS054 was the clos- 112
est relative to S. griseoincarnatus (Table S3). Therefore, HNS054 was confidently classified 113
as S. griseoincarnatus. 114

The core genome phylogeny also shows that HNS054 is closely related to other well- 115
studied Streptomyces chassis strains, such as S. coelicolor A3(2) and S. lividans TK24 (Figure 116
2A). This suggests shared evolutionary and metabolic characteristics among these strains. ~ 117
Through multiple genome-wide alignments and comparative genomics analyses, a total 118
of 5179 protein clusters were annotated in HNS054, encompassing 238 highly conserved 119
orthologous gene clusters and 48 clusters unique to this strain (Figure 2B). The function- 120
ally enriched proteins in the unique clusters are related to biosynthetic processes, includ- 121
ing polysaccharide biosynthesis, ATP binding biosynthesis, DNA-mediated transposi- 122
tion, and plasma membrane biosynthetic processes. These proteins may confer HNS054 123
strong cell division abilities, leading to rapid growth and high biomass accumulation. The 124
unique clusters also suggest distinctive metabolic capabilities, indicating potential appli- 125
cations in synthetic biology. 126
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Figure 2. Comparative genomics analysis of strain HNS054. (A) Whole-genome-based phylogenetic 128
tree of HNS054 and other Streptomyces. Different strain sources and types of BGC are color-coded. 129
(B) Comparison and annotation of orthologous gene clusters among HNS054 (GenBank Accession: 130
CP139576), S. coelicolor A3(2) (GenBank Accession: CP042324), S. albus DSM 41398 (GenBank Acces- 131
sion: CP010519), S. avermitilis MA-4680 (GenBank Accession: NC_003155), and S. venezuelae ATCC 132
21782 (GenBank Accession: CP029190). 133

2.3. Analysis of Secondary Metabolite BGCs 134

The antiSMASH software predicted 21 BGCs in the genome of HNS054 (Table S4). 135
These BGCs are involved in the synthesis of various types of secondary metabolites, in- 136
cluding ribosomally synthesized and post-translationally modified peptides (RiPPs), non- 137
ribosomal peptide synthetases (NRPSs), polyketide synthases (PKSs), NRPS-PKS hybrids, 138
terpenes, ectoines, siderophores, and others. The chromosomal distribution of these BGCs 139
is illustrated in Figure S8. Some of these BGCs are novel, with low similarity to known 140
ones, indicating that HNS054 may produce new secondary metabolites during fermenta- 141
tion. 142

2.4. Analysis of SSR Systems in Strain HNS054 143

The genome of HNS054 possesses 10 common-type attB sites suitable for 8 SSR sys- 144
tems (pC31, BT1, SV1, TG1, VWB, @K38-1, CBG73463, and ¢Joe), as depicted in Figure 145
S9 and detailed in Table S5. These attB sites exhibit highly conserved core regions, with 146
sequence identities ranging from 89% to 100%. Their distribution spans throughout the 147
genome (Figure 510). SSR systems are powerful tools for Streptomyces’ genetic engineer- 148
ing, facilitating targeted and stable integration of the foreign DNA into the chromosome. 149
HNS054 has multiple attB sites, which allow the use of the “multiple integrases multiple 150
attB sites” method, for simultaneous multi-site insertion of genes or gene clusters in one 151
step [19]. They also provide a rich resource for various applications, including genome 152
editing, gene expression, plasmid construction, strain engineering, and natural product 153
discovery. 154

2.5. Growth, Salt Tolerance, and Antibiotic Susceptibility of Strain HNS054 155


https://doi.org/10.20944/preprints202401.1580.v1

Preprints.org (Www.preprints.org) | NOT PEER-REVIEWED | Posted: 22 January 2024 doi:10.20944/preprints202401.1580.v1

Int. ]. Mol. Sci. 2024, 25, x FOR PEER REVIEW 5 of 15

HNSO054 grew faster and had higher biomass compared to S. coelicolor M1146 under 156
various salinity conditions (Figure 3A). At 30%o salinity, the growth rate of HNS054 was 157
1.8-fold that of M1146. Additionally, the biomass of HNS054 was 1.6-fold that of S. coeli- 158
color M1146 during the plateau phase. This suggests that HNS054 possesses a stronger cell 159
division ability than S. coelicolor M1146. 160

HNS054 has a maximum salinity tolerance of 60%o, while S. coelicolor M1146 has a 161
maximum salinity tolerance of 45%o (Figure 3B). The notable high salinity tolerance of 162
HNSO054 positions it as an advantageous marine Streptomyces, capable of thriving and pro- 163
ducing secondary metabolites in seawater or saline mediums. 164

The antibiotic sensitivity of HNS054 was tested to find suitable screening markers for 165
genetic engineering. HNS054 was resistant to ampicillin, chloramphenicol, thiostrepton, 166
and nalidixic acid, while displaying sensitivity to kanamycin, apramycin, and tetracycline 167
(Table S6). The minimum inhibitory concentrations (MICs) for kanamycin and apramycin 168
were determined to be 25 pg/mL, and for tetracycline, it was 12.5 ug/mL. Consequently, 169
kanamycin, apramycin, or tetracycline could serve as effective screening markers. For 170
spectinomycin or hygromycin antibiotics, higher concentrations of 200 ug/mL spectino- 171

mycin and 100 pg/mL hygromycin were required for screening. 172
B
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Figure 3. (A) Growth curves of HNS054 and S. coelicolor M1146 under 30%. salinity conditions. (B) 174
Salt tolerance of HNS054 and S. coelicolor M1146. 175

2.6. Development of MSGE Hosts from Strain HNS054 Using CRISPR/Cas9 Methodology 176

Employing the CRISPR/Cas9 methodology, a diverse set of enhanced heterologous 177
hosts was derived from the wild-type HNS054. The initial knockout operation focused on 178
eliminating aborycin production capacity in the wild strain by targeting BGC11. This ma- 179
nipulation resulted in the creation of the HNS1151 host, featuring a single native pC31 180
attB site. Subsequently, strain HNS1251 emerged through the integration of an artificial 181
@C31 attB site into the location formerly occupied by BGC11. Expanding on this ground- 182
work, strains HNS1351 to HNS1551 were generated by substituting BGC14, BGC17, and 183
BGC2 with additional artificial C31 attB sites, respectively. Each resulting strain, rigor- 184
ously validated through PCR and sequencing (Figure S11), had one to five C31 attB sites. 185
A growth analysis showed that strains HNS1151-1551 had similar growth performance to 186
the parent HNS054 (Figure S12). 187

2.7. Improvement of Aborycin Production 188

The aborycin BGC was integrated into the chromosome of strains HNS1151-1551 us- 189
ing the pSET152:gul plasmid, resulting in strain HNS1151::gul, HNS1251:2gul, 190
HNS1351::3gul, HNS1451::4gul, and HNS1551::5gul (Figure S13). Aborycin production 191
was analyzed through high-resolution HPLC-MS (Figure S14), and a standard curve for 192
aborycin (Figure S15) was utilized to calibrate the aborycin yield based on HPLC peak 193
areas. 194
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The fermentation broth of engineered strains was compared for aborycin production 195
(Figure 4A). Both supernatant and mycelial analyses demonstrated that strains HNS054 196
and HNS054::pSET152 produced approximately 7.1 + 0.1 mg/L of aborycin (Figure 4B). In ~ 197
contrast, strains with two or three copies of the aborycin BGC produced 38.4 + 0.9 mg/L. 198
(HNS1251::2gul) or 45.6 + 2.1 mg/L (HNS1351::3gul), respectively. Interestingly, strains 199
with four or five copies of the aborycin BGC did not exhibit further production enhance- 200
ment; instead, a decrease was observed. This suggested that the overexpression of the 201
aborycin BGC genes was no longer the limiting factor for aborycin production. To achieve 202
further improvements, additional metabolic engineering strategies, such as enhancing 203
precursor availability and antibiotic tolerance, need to be considered. 204

The enhancement of aborycin production in strain HNS1351::3gul was significant, 205
representing a 6.4-fold increase compared to native HNS054. In comparison, the three- 206
copy integration counterpart in S. coelicolor, strain M1346::3gul, produced aborycin at 10.2 207
+ 0.7 mg/L. Consequently, the aborycin yield of strain HNS1351::3gul surpassed that of 208
strain M1346::3gul by 4.5-fold. These results highlight the effectiveness of the MSGE strat- 209
egy in HNS054-based hosts, leading to a remarkable improvement in aborycin produc- 210

tion. 211
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Figure 4. Improvement of aborycin production. (A) Comparative HPLC analysis of aborycin in the 213
culture extracts of corresponding strains. (B) Titers of different strains. ****: p <0.0001; **: p < 0.01. 214

2.8. Improvement of Actinorhodin Production 215

The actinorhodin BGC was incorporated into the chromosomes of strains HNS1151- 216
1551 using the plasmid pSET152::act, generating strains HNS1151::act, HNS1251::2act, 217
HNS1351::3act, and HNS1451::4act, respectively (Figure S16). Unfortunately, strain 218
HNS1551::5act was not obtained, possibly due to limitations in integration capacity (Fig- 219
ure S17). The actinomycin yield gradually increased with the extension of culture time 220
(Figure 5). Strain HNS1351::3act, which harbored three copies of the actinorhodin BGC, 221
exhibited more intense pigmentation on MS agar media relative to other strains HNS054- 222
based hosts and M1346::3act, indicating higher actinorhodin production (Figure 5A). On 223
day 9, strain HNS1351::3act produced actinorhodin at a 4.9-fold, 1.2-fold, and 1.2-fold 224
higher rate than strain HNS1151::act, HNS1251::2act, and M1346::3act, respectively (Fig- 225
ure 5B). However, actinorhodin production decreased by 43% in strain HNS1451::4act, 226
which had four copies of the actinorhodin BGC. The expression of the empty plasmid 227
PSET152 in strain HNS1151 had no effect on actinorhodin production. These results high- 228
light the superiority of HNS054-based hosts in heterogeneously expressing foreign BGCs. 229
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3. Discussion 234

The genomic sequencing of HNS054 has revealed intricate insights into its biological 235
information, revealing a clear genome structure and rich functional potential. HNS054 236
harbors 6678 putative protein-coding genes, showcasing a relatively high gene density. 237
Functional annotation using COG, GO, and KEGG databases classified the genes into var- 238
ious categories and pathways, reflecting the diverse metabolic capabilities of this strain. 239
Among the putative genes, 1194 have unknown functions, implying the possibility of 240
novel secondary metabolite biosynthesis. Through the antiSMASH software, 21 BGCs 241
were predicted, spanning various secondary metabolic pathways like RiPPs, NRPSs, 242
PKSs, and NRPS-PKS hybrids, suggesting HNS054 offered a rich resource in secondary 243
metabolites. The genome size of HNS054 is 7.5 Mb, falling within the typical range of con- 244
ventional Streptomyces genomes (6-12 Mb). Notably, it is comparable to the genome sizes 245
of well-known Streptomyces chassis strains, such as S. coelicolor A3(2) (8.7 Mb), S. griseus 246
NBRC 13350 (8.5 Mb), S. albus J1074 (6.8 Mb), and S. atratus SCSIO ZH16 (9.6 Mb) [20,21]. 247
In comparison, the smallest reported Strepfomyces genome is that of S. xiamenensis 318, 248
with a size of 5.96 Mb and 21 BGCs [22]. The relatively moderate genome size of HNS054 249
positions it favorably for genome-scale modeling and engineering, facilitating the optimi- 250
zation of its metabolic performance and productivity. Furthermore, HNS054 exhibits 251
fewer BGCs compared to the aforementioned chassis strains, which have 30, 38, 22, and 252
26 BGCs, respectively. This suggests that HNS054 boasts a cleaner metabolic background, 253
reducing interference and competition from endogenous secondary metabolites with het- 254
erologous ones. 255

Despite exhibiting rapid growth compared to S. coelicolor M1146, unraveling the un- 256
derlying mechanisms through genome comparison alone proves challenging. Previous 257
reports suggest a positive correlation between rRNA operon and tRNA gene count with 258
bacterial growth rate and metabolic activity [23]. While HNS054 possesses more riboso- 259
mal operons (6) and tRNA genes (72) than S. xiamenensis 318 (5 and 55, respectively), these 260
values fall within the range observed in common chassis strains (6-7 rRNA operons, 63- 261
69 tRNA genes). HNS054 also shares a characteristic symmetrical distribution of con- 262
served genes around the oriC with these chassis strains. This arrangement potentially fa- 263
cilitates early expression of essential genes and discourages subtelomeric rearrangements, 264
enhancing strain stability and adaptability [20-22]. Elucidating the precise genomic basis 265
of HNS054's rapid growth requires the application of contemporary functional genomics 266
approaches. 267

It has been reported that salt-resistant Halomonas spp. are preferred hosts due to their 268
ability to conduct contamination-free fermentation without the need for strict sterilization 269
under high salt conditions [24]. While HNS054 may not exhibit resistance levels as high 270
as Halomonas spp. (moderate strains can tolerate 30-150%0 NaCl (w/v), and extreme strains = 271
can tolerate > 200%o0 NaCl (w/v)), HNS054 demonstrated faster growth and higher bioac- 272
cumulation than S. coelicolor M1146 in the salinity range of 0-45%. NaCl (w/v) (Figure 3). 273
Furthermore, HNS054-derived strains show a lower susceptibility to contamination than 274
M1146-derived strains during fermentation, genetic engineering, and sporing under 35%. 275
salinity. It can be deduced that the large-scale fermentation performance of the engineered 276
HNS054 would reduce the risk of bacterial contamination under optimized salinity con- 277
ditions. 278

HNS054 shines not only in growth and salt tolerance but also in its inherent potential 279
for genetic manipulation. Compared to other Streptomyces chassis, its enriched repertoire 280
of natural attB sites synergizes with its conventional SSR system (Table S5) and facilitates 281
advanced multiplex site-specific genome editing [19]. Furthermore, improved HNS054- 282
derived strains were constructed via CRISPR/Cas9-mediated precise deletion of specific 283
BGCs and insertion of artificial ¢C31 attB sites. Notably, removing S. griseoincarnatus 284
HNSO054's native secondary metabolite BGCs and introducing attB sites maintained its 285
growth and morphology (Figure 512), indicating a simplified background, potentially 286
leading to increased precursor availability and secondary metabolite production. The 287
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presence of multiple homologous attB sites enables these HNS054-based hosts to leverage 288
the "one integrase-multiple attB sites" concept for the MSGE strategy. This approach has 289
proven to enhance secondary metabolite production in various Streptomyces strains 290
[5,7,15,25,26]. Thus, HNS054's genomic features and amenability to MSGE make it a prom- 291
ising platform for overproducing valuable secondary metabolites. 292

However, the results indicate that the MSGE method has limitations in two key as- 293
pects. Firstly, as the number of attB sites of the same type increased from one to five, the 294
conjugation efficiency of HNS054-based hosts and S. coelicolor M1146-based hosts declined 295
from thousands to single conjugon (Figure S17). This observation suggests that introduc- 296
ing foreign gene clusters using the MSGE method becomes more challenging with an in- 297
creasing number of attB sites of the same type in a strain. Secondly, in both case studies, 298
an increase in the BGC copy number led to a declining trend in yield (Figure 4B and 5B), 299
a phenomenon consistent with similar reports. For instance, strain S. albus B4, which har- 300
bors four copies of pyridinopyrone A, aloesaponarin II, and didemethoxyaranciamyci- 301
none BGCs, respectively, exhibited lower production than strain S. albus B2P1, which has 302
three copies of the corresponding BGCs [7]. The mechanism behind this phenomenon is 303
unclear, but it may involve the strain's self-protection mechanism. These limitations un- 304
derscore the necessity of employing additional metabolic engineering strategies to over- 305
come diminishing returns associated with higher BGC copy numbers. 306

Compared to the well-established model strain, S. coelicolor M145, and its derived 307
strains, marine actinomycetes possess a unique metabolic system that facilitates the dis- 308
covery and development of novel drug lead compounds from the marine environment. 309
Zhang et al. [9] eliminated salinosporamide synthesis in the marine strain S. tropica CNB- 310
440 and introduced the phage @C31 attB site of S. coelicolor, generating strain S. tropica 311
CNB-4401. The thiolactinomycin BGC from S. pacifica was heterologously expressed, and 312
the thiolactomycin production in S. tropica CNB-4401 was approximately 3-fold that of S. 313
coelicolor M1152. Yang et al. [10] disrupted the synthetic pathway of two main metabolites 314
(ilamycins and atratumycin) in S. atratus SCSIO ZH16 and used the natural specific inte- 315
gration site of this strain, resulting in the marine Streptomyces expression plattorm MGCEP 316
1.0. Alkaloids, aminonucleosides, nonribosomal peptides, and polyketides BGCs were 317
heterologously expressed in MGCEP 1.0, leading to the identification of 19 compounds. 318

Being a marine actinomycete, HNS054 boasts faster growth and high salinity toler- 319
ance. The manipulation of HNS054 and its derivative strains offers notable advantages, 320
including ease of operation, reduced susceptibility to contamination, and expedited com- 321
pletion of conjugation experiments. These inherent traits of the HNS054 series not only 322
facilitate genetic engineering manipulations but also position them as promising candi- 323

dates for future large-scale fermentation processes. 324
4. Materials and Methods 325
4.1. Strains, Plasmids, Primers, and Culture Conditions 326

The primers, plasmids, and strains utilized in this study are outlined in Tables S7 and 327
S8. Streptomyces were cultured either on mannitol soya flour agar medium (MS, 20 g/L 328
mannitol, 20 g/L soy flour, 15 g/L sea salt, 20 g/L agar) or in R5 liquid medium (10 g/L. 329
glucose, 0.1 g/L casamino acids, 5 g/L yeast extract, 5.73 g/L [Tris(hydroxymethyl)metyl]- 330
2-aminopropanesulfonic acid (TES), 10 mL of 0.5% KH2POs, 4 mL of 5 M CaCl22H:0, 15 331
mL of 20% L-proline, and 7 mL of 1 M NaOH, 2 mL trace element solution) with suitable 332
antibiotics. Escherichia coli were cultured at 37 °C in Luria-Bertani (LB) medium supple- 333
mented with appropriate antibiotics with shaking at 300 rpm for 16 h. Streptomyces was 334
cultivated on MS salt agar at 28 °C for 7 d for sporulation. Liquid cultures were involved 335
ISP2 medium (10 g/L yeast extract, 10 g/L malt extract, 4 g/L glucose, 30 g/L sea salt), 336
YEME medium (3 g/L yeast extract, 5 g/L peptone, 3 g/L malt extract, 10 g/L glucose, 340 337
g/L sucrose, 30 g/L sea salt), Gauze's Medium No.1 (1 g/L KNOs, 0.5 g/L KeHPO4, 0.5 g/ 338
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MgSO+7H20, 0-100 g/L NaCl, 0.01 g/L FeSO+7H20, 20 g/L soluble starch) or R5 medium 339
and incubated at 28 °C with shaking at 200 rpm for 5-7 d. 340

4.2. Genome Sequencing, Assembly and Annotation 341

The genome sequencing of Streptomyces sp. HNS054 was conducted by Biomarker 342
Technologies (Beijing, China) using Pacbio Sequel II and Illumina NovaSeq 6000 platform. 343
The assembly of long reads was executed using Hifiasm v0.12 software [27], resulting in 344
a single contig spanning 7.5 Mb. Quality control for short reads was conducted through 345
FastQC (https://sourceforge.net/projects/fastuniq/), followed by trimming with Adapter 346
Removal [28]. To rectify errors in long reads, SOAPdenovo2 (https://github.com/aquasky- 347
line/SOAPdenovo2) with a k-mer setting of 17 was applied to the trimmed reads. The 348
corrected long reads underwent further refinement with Pilon v1.22 software 349
(https://github.com/broadinstitute/pilon) and circularization with Circlator v1.5.5 soft- 350
ware (https://github.com/sanger-pathogens/circlator), culminating in the acquisition of 351
the complete genome sequence of HNS054. The complete genome sequence has been sub- 352
mitted to the NCBI GenBank database under the accession number CP139576.1 353
(https://www.ncbi.nlm.nih.gov/search/all/?term=CP139576.1). The 165 rRNA gene se- 354
quence has also been submitted to the NCBI Nucleotide database under the accession 355
number OR898379.1 (https://www.ncbi.nlm.nih.gov/search/all/?term=0R898379). 356

Coding genes were identified using Prodigal v2.6.3 software (https://github.com/hy- 357
attpd/Prodigal). Infernal v1.1.3 software (http://eddylab.org/infernal/) was employed for 358
the prediction of rRNA genes, while tRNAscan-SE v2.0 software 359
(https://github.com/UCSC-LoweLab/tRNAscan-SE) predicted tRNA genes. Additionally, 360
Infernal v1.1.3 software was utilized for the prediction of other non-coding RNAs. CRIS- 361
PRs and Cas genes were discerned using CRISPRCasFinder (https://crisprcas.i2bc.paris- 362
saclay.fr/CrisprCasFinder/Index). For functional annotation, the predicted protein under- 363
went a blast analysis against diverse databases, including Nr (Non-Redundant Protein 364
Sequence Database), Swiss-Prot, Pfam, TrEMBL (Translation of EMBL), KEGG (Kyoto En- 365
cyclopedia of Genes and Genomes), and eggNOG (evolutionary genealogy of genes: Non- 366
supervised Orthologous Groups). GO (Gene Ontology) annotation was carried out using 367
Blast2go (https://www.blast2go.com/). Orthologous proteins were predicted and clus- 368
tered across the genomes using the OrthoVenn software (http://www.bioinfoge- 369
nome.net/OrthoVenn/start.php), employing the OrthoMCL algorithm. AntiSMASH 7.0 370
(https://antismash.secondarymetabolites.org/) was employed for predicting secondary 371
metabolite BGCs and forecasting the synthesis of metabolic products in HNS054. 372

RepeatMasker (https://www.repeatmasker.org/RepeatMasker/) was employed for 373
predicting repetitive sequences. IslandViewer 4 (http://www.pathogenomics.sfu.ca/is- 374
landviewer/) was used to identify Gls. The OriC was determined through the Ori-Finder 375
web server (http://tubic.tju.edu.cn/Ori-Finder/). SSR system attB loci were identified by 376
employing local blast to search for the core regions of nine prevalent types of SSR system 377
attB nucleotide sequences within the HNS054 genome. 378

4.3. Comparative Genomic Analysis 379

The Mauve 2.3.1 software (http://darlinglab.org/mauve/mauve.html) was utilized for 380
the creation and visualization of multiple genome alignments. The phylogenetic tree 381
based on the 16S rRNA gene was constructed using a neighbor-joining approachin MEGA 382
11, with 1000 bootstrap replicates. dDDH estimates were determined using the Genome- 383
to-Genome Distance Calculator (GGDC) web server (https://ggdc.dsmz.de/). ANI values 384
were calculated by the JSpeciesWS online service (https://jspecies.ribohost.com/jspe- 385
ciesws/#analyse). To conduct pan-genome analysis for strain HNS054 and other Strepto- 386
myces  species, the Bacterial Pan Genome Analysis Pipeline (BPGA, 387
http://www iicb.res.in/bpga/index.html) software was employed and constructed a 388
whole-genome-based phylogenetic tree. The resulting phylogenetic tree was visualized 389
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using the online software iTOL (Interaction Tree of Life, https://itol.embl.de/). Detailed 390
information regarding Streptomyces species utilized for comparative genomic analysis, 391

along with their GenBank accession numbers, is available in Table S9. 392
4.4. Assessment of Growth, Salt Tolerance, and Antibiotic Sensitivity 393

The biomass of HNS054 and S. coelicolor M1146 in the fermentation broth was deter- 394
mined utilizing a simplified diphenylamine colorimetric method [29]. 395

Salt tolerance testing of the strains involved the preparation of Gauze's Medium No.1 396
with varying NaCl concentrations (0%o, 15%o, 30%o, 45%o, 60%o, 80%0, and 100%o). The 397
tested strains were then inoculated onto the respective media and cultured at 28 °C for 5- 398
7 d. The growth of the strains was monitored, and the results were documented. 399

The antibiotic sensitivity of HNS054 was tested on MS salt agar plates with various 400
concentrations of antibiotics. Kanamycin, ampicillin, chloramphenicol, apramycin, na- 401
lidixic acid, thiostrepton, and tetracycline were assessed with concentrations ranging from 402
0-100 pg/mL. Additionally, hygromycin and spectinomycin were examined with concen- 403
trations ranging from 50-300 ug/mL. The spore suspension of HNS054 was inoculated on 404
the plates at 28 °C for 5-9 d. The growth of the strain on the plates was observed to deter- 405
mine its antibiotic sensitivity. 406

4.5. Construction of the HNS054-derived Hosts 407

The construction of HNS054-derived hosts involved the CRISPR/Cas9 genome edit- 408
ing method to generate a series of strains (HNS1151-HNS1551). The strain HNS1151 was 409
generated by knocking out BGC11 to eliminate aborycin production. Subsequently, in 410
strains HNS1251-HNS1551, artificial pC31 attB sites were incorporated at the locations of 411
deleted target BGCs (e.g., BGC11, BGC14, BGC17, BGC2). The general construction pro- 412
cess is outlined below: 413
1.  Amplification of Upstream and Downstream Regions: PCR amplification of the up- 414
stream and downstream regions of the targeted BGCs (e.g., BGC11, BGC14, BGC17, BGC2) 415
using specific primer pairs (e.g., Del-BGC11-up-B-fwd/rev, Del-BGC11-down-B-fwd/rev). 416
2. Amplification of sgRNA Expression Cassette: PCR amplification of the sgRNA ex- 417
pression cassette using a plasmid template (e.g., pPKCcas9dO) and specific primers (e.g., 418
BGC11-sgRNA-B-fwd, sgRNA-rev). 419
3. Gibson Assembly: assembly of the three DNA fragments (upstream region, down- 420
stream region, sgRNA expression cassette) using the Gibson assembly method to generate 421

plasmids (e.g., pKY01dB11::attB). 422
4.  Plasmid Introduction: introduction of the constructed plasmids into the HNS054-de- 423
rived hosts through conjugal transfer on MS solid media. 424
5. Verification of Double Crossovers: verification of correct double crossovers in the 425
transformed strains by PCR using specific primers (e.g., ID-BGC11-B-fwd/rev). 426

This general strategy was repeated to construct strains HNS1251, HNS1351, 427
HNS1451, and HNS1551, each with an increasing number of artificial @C31 attB sites in 428
the locations of the deleted BGCs. The resulting strains serve as engineered hosts with 429
modified genomic features for further studies or applications. 430

4.6. Production of Aborycin 431

The plasmid pSET152::gul, harboring the aborycin BGC, was constructed using a 432
one-step cloning method. Firstly, the pSET152 plasmid was linearized by PCR using the 433
primers pSET152-fwd/pSET152-rev. Subsequently, the aborycin BGC was amplified from 434
the genome DNA of S. griseoincarnatus HNS054 using the primers 054 gul-fwd/054 gul- 435
rev. Finally, the aborycin BGC and the linearized pSET152 were assembled into the circu- 436
lar plasmid pSET152::gul using a one-step cloning kit. 437

The plasmid pSET152::gul was transferred into strains HNS1151-1551 by intergeneric 438
conjugation with E. coli ET12567/pUZ8002 as the donor. Exconjugants were acquired by 439
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selecting for resistance to apramycin and were subsequently verified through PCR analy- 440
sis using the primers ID-oriT-fwd/Native B-rev, ID-oriT-fwd/BGC11 B-rev, ID-oriT- 441
fwd/BGC14 B-rev, ID-oriT-fwd/BGC17 B-rev, and ID-BGC2-fwd/BGC2 B-rev to confirm 442
attP-attB recombination, respectively. In parallel, the plasmid pSET152 was introduced 443

into strain HNS054 as a control. 444

Aborycin production in the engineered strains and S. coelicolor M1346::3gul were as- 445
sessed using the same methodologies [15]. 446
4.7. Production of Actinorhodin 447

The plasmid pSET152::act, harboring the actinorhodin BGC [30], was introduced into 448
strains HNS1151-1551 through conjugal transfer. Exconjugants were obtained by selecting 449
for apramycin resistance and confirmed via PCR analysis using the aforementioned pri- 450
mer pairs to verify attP-attB recombination. Plasmid pSET152 was also transferred into 451
strain HNS1151 as a control. To assess whether the actinorhodin production ability of 452
HNSO054-based hosts is comparable to that of S. coelicolor M1346, the plasmid pSET152::act 453
was additionally transferred into S. coelicolor M1346, generating the strain S. coelicolor 454
M1346::3act. 455

The quantification of actinorhodin production in the engineered strains and S. coeli- 456
color M1346::3act was conducted using the following method. The presence of the antibi- 457
otic was indicated by the blue coloration of actinorhodin on MS agar media. For actinorho- 458
din extraction, 1 mL of culture samples was mixed with 250 uL of 5 M KOH and then 459
centrifuged at 12000 rpm for 5 min. The concentration of actinorhodin in the supernatant 460
was determined by measuring the absorbance at 640 nm, employing an extinction coeffi- 461
cient of 2.53 x 104 L/(mol-cm) [31]. 462

4.8. Statistical Analysis 463

All of the results were expressed as the mean + standard deviation (SD), which re- 464
sulted from at least three independent experiments. The statistical analysis was performed 465
using one-way ANOVA. The significance level was set at p < 0.05. The software used for 466
the analysis was GraphPad Prism 8.3. 467

5. Conclusions 468

This study presents the comprehensive genomic analysis and annotation of the ma- 469
rine actinomycete S. griseoincarnatus HNS054. The genome of HNS054 revealed its phylo- 470
genetic position, diverse repertoire of secondary metabolites, and multiple site-specific 471
recombination system attB sites. The strain exhibits high salinity tolerance, a fast growth 472
rate, high biomass production, and sensitivity to antibiotics, which are desirable traits for 473
industrial applications. Furthermore, a series of HNS054-based hosts were constructed by = 474
deleting BGCs and introducing the C31 attB sites. Amplification of the aborycin and the 475
actinorhodin BGCs in engineered strains significantly improved the production of these 476
antibiotics. This study identifies HNS054 as a promising foundation for further develop- 477
ing industrial chassis adept at overproducing marine natural products. 478

Supplementary Materials: The following supporting information can be downloaded at: 479
www.mdpi.com/xxx/s1, Figure S1: COG annotation of the HNS054 genome; Figure S2: GO anno- 480
tation of the HNS054 genome; Figure S3: KEGG annotation of the HNS054 genome; Figure S4: Char- 481
acterization of the replication origin site (OriC) on the HNS054 chromosome; Figure S5: Multi- 482
genome comparison of HNS054 and other Streptomyces chromosomes; Figure S6: Genomic island 483
(GI) analysis of the HNS054 genome; Figure S7: Neighbor-joining phylogenetic tree based on 165 484
rRNA gene sequences of HNS054; Figure S8: Distribution of BGCs in the HNS054 genome; Figure 485
S9: Nucleotide sequence alignment at attB sites of HNS054; Figure S10: Distribution of ten natural 486
attB sites in the HNS054 chromosome; Figure S11: PCR verification of strains featuring BGC knock- 487
out and @C31 attB site introduction; Figure S12: Growth curve of strains; Figure S13: Identification ~ 488
of the plasmid pSET152::gul introduced into the strains HNS1151-1551; Figure S14: Positive ion 489
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peak in the mass spectra of aborycin; Figure S15: The standard curve depicting the relationship be- 490
tween aborycin concentrations and the HPLC peak areas; Figure S16: Identification of the plasmid 491
PSET152::act introduced into the strains HNS1151-1451; Figure S17: The conjugation effect of attB 492
numbers on strains; Table S1: Basic genome sequencing features of HNS054; Table S2: Endogenous 493
CRISPR sequences in HNS054 genome; Table S3: ANI and dDDH analysis of HNS054 to related 494
species; Table S4: AntiSMASH predicted BGCs in the HNS054 genome; Table S5: Identification of 495
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