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ABSTRACT:
Affordable and automated cloning platforms are essential to many synthetic biology studies. However, the traditional E. coli-based cloning is a major bottleneck as it requires heat shock or electroporation implemented in the robotic workflows. To overcome this problem, we explored bacterial natural transformation for automatic DNA cloning and refactoring. Recombinant plasmids are efficiently generated from Gibson- or overlap extension PCR (OE-PCR) products by simply adding the DNA into Acinetobacter baylyi ADP1 cultures. No DNA purification, competence induction, or special equipment is required. Up to ten thousand colonies were obtained per microgram DNA while the number of false positive colonies was greatly reduced in comparison to E. coli cloning protocols. We cloned and refactored 21 biosynthetic gene clusters (BGCs) of various types, with length from 1.5 to 19 kb, and GC content from 35% to 72%. One of them, a refactored nucleoside BGC, showed antibacterial activity. Furthermore, the method was easily transferred to a low-cost benchtop robot with consistent cloning efficiency. Thus, this automatic natural transformation (ANT-) cloning provides an easy, robust and affordable platform for high throughput DNA engineering.
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Recently, the amount and quality of bioinformatic data are increasing explosively thanks to the advent of DNA sequencing and genome mining.1 High throughput synthetic biology platforms are thus required more than ever to explore them, to discover new knowledge and new bioproducts. However compared to the rapid development of DNA sequencing and synthesis, DNA cloning methodologies have not seen major updates. When DNA cloning was first developed in the 1970s, E. coli was chosen as the cloning host because it is a model organism, shows rapid growth, and most importantly could be transformed with ligation products after calcium ion treatment.2 Later, electroporation was adopted for E. coli and showed higher efficiency for cloning larger DNA fragments.3 The E. coli transformation involves heat shock or electric shock of competent cells prepared by multiple rounds of washing. Temperatures need to be precisely controlled throughout the process. DNA substrates for electroporation need to be purified to reduce the ionic strength. Both methods are prone to cell lysis, and the surviving cells need to be recovered in rich medium before being selected on antibiotic agar plates. This complexity makes E. coli based cloning one of the major bottlenecks in high throughput studies. Common laboratory robots handle liquid pipetting very well, i.e. they can efficiently perform bacterial inoculation, enzymatic reaction preparation, PCR preparation, serial dilution, etc. The process of E. coli transformation, however, requires expensive infrastructures and is challenging to perform on an affordable robotics setup.
Certain bacteria can actively take up exogenous DNA through a phenomenon called natural transformation. It is a mechanism for getting DNA repair templates from sister cells or acquiring new genetic traits from other species.4 DNA molecules are captured by competence pili, and pulled to the cell surface. An ATP-dependent protein complex on the cell membrane digests one of the strands and transports the other into the cytoplasm. The incoming DNA is incorporated into the genome by homologous recombination or digested as a nutrient source.5 Natural transformation has previously been used for cloning purpose in Bacillus subtilis.6-7 Acinetobacter baylyi ADP1, a soil bacterium from the class Pseudomonadales has one of the highest reported efficiencies of natural transformation.8 It grows quickly  on simple media with versatile carbon sources, and has plenty of genetic tools available.9 Its robust metabolism and the ability to excrete enzymes are also attractive characteristics for biotechnological and environmental applications.10 Natural transformation of A. baylyi ADP1 does not require induction and the DNA substrate doesn’t need to be purified or concentrated.8 Taking advantage of this, A. baylyi ADP1 has been used as a model organism to study horizontal gene transfer in situ,11 to elucidate dissemination of plant transgenes in soil,12 to construct a single-gene knockout library,13 to improve protein or biochemical productions by fast metabolic engineering14 and multiplex genomic engineering.15 In a previous study, we showed that natural transformation was used by Gram-negative bacteria to obtain antibiotic resistance genes or even whole antibiotic BSGs and experimentally reproduced this process with A. baylyi ADP1.16 In this study, we demonstrated for the first time the high efficiency cloning of DNA targets onto self-replicating plasmids using A. baylyi ADP1. We combined A. baylyi ADP1 natural transformation with robotic automation and thereby provided ANT cloning, a robust, affordable and high throughput cloning platform.
RESULTS AND DISCUSSION
Recombinant plasmids are generated from multiple DNA fragments by Acinetobacter natural transformation
To date, two gram-negative bacteria, A. baylyi ADP1 and Vibrio natriegens, are reported to have the highest transformation efficiencies and are both proposed as alternative model organisms to E. coli.8, 17 V. natriegens needs chemical induction to become competent,18 and in our test showed higher spontaneous resistant mutation on antibiotic agar plates (Supplementary Table 1). Thus in the following experiments we focused on A. baylyi ADP1.
As a proof of concept, we first tested the cloning of the melanin BGC from Streptomyces coelicolor A3(2). This is a type III PKS gene cluster and has been used as a reporter system for gene cluster expression and host metabolic engineering.19,20 DNA fragments of 1.5, 4 and 8 kb covering part of or the whole gene cluster were chosen as the cloning targets (Figure 1a). PCR primers were designed to amplify them and with 30 nt overlap sequences added on 5’ ends for Gibson and OE-PCR assembly. Amplification of the 8 kb fragment turned out to be difficult (Supplementary Figure 1), due to the high GC content, so it was further divided into two 4 kb fragments overlapping with each other by 30 bp (Figure 1a). 
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Figure 1. Test of natural transformation based DNA cloning. (a) S. coelicolor melanin BGC (black arrows) and the ranges of cloning targets. The 8 kb fragment was too big to be efficiently amplified in a single piece (Supplementary Figure 1), so it was divided into two overlapping fragments 8 kb half1 and 8 kb half2. The 1.5 kb and 4 kb fragments were cloned individually. Fragments 8 kb half1 and 8 kb half2 were cloned together in a single reaction. (b) Cloning efficiency of different targets. The cloning targets were PCR amplified from S. coelicolor gDNA and assembled by Gibson reaction or OE-PCR with a plasmid vector backbone amplified from pUCP24. Natural transformation was performed by adding the assembly products directly into A. baylyi ADP1 liquid culture, followed by selection on gentamicin agar plate. Error bars indicated the standard deviation of three transformation replicates. (C) Pigment production from the cloned gene cluster. Plasmids containing the 8 kb fragment were isolated from three individual colonies and expressed in E. coli BL21(DE3) host. Empty plasmid pUCP24 was used as a negative control.
The 1.5 kb, 4 kb, 8 kb half1 and 8 kb half2 fragments were amplified from S. coelicolor genomic DNA. The vector backbone was amplified from plasmid pUCP24. They were subsequently assembled by Gibson or OE-PCR, two methods ideal for high throughput cloning as they are simple, independent of restriction enzymes, and sequence-independent.21 OE-PCR generates assembly products in multimer form which is a preferred substrate for natural transformation.7, 22 The Gibson reaction generates both multimer and monomer products.23 Gel electrophoresis results confirmed that assembly products were generated (Supplementary Figure 2). The assembly reactions were then added into A. baylyi ADP1 liquid culture, incubated at 30oC overnight and then selected on antibiotic agar plate. Up to 13,738 colonies per microgram DNA were obtained with the 4 kb fragment. OE-PCR products were more efficient than Gibson products for cloning the 1.5 and 4 kb fragments, but not for the 8 kb fragment (Figure. 1 b). This is probably because, like in standard PCR, in OE-PCR the DNA polymerase also cannot efficiently copy long high GC sequences. Colony PCR confirmed that ten out of ten colonies were correct in the 1.5 kb cloning and 80% colonies were correct in the 4 kb and 8 kb cloning (Supplementary Figure 3). The plasmids were further verified by DNA sequencing and showed pigment production when expressed in E. coli BL21 (DE3) (Figure 1c). 
Cloning can be performed in liquid medium or on top of solid medium
Natural transformation of bacteria has been reported in liquid medium,13 on the surface of solid medium,24 in biofilm,24 in soil,12 and on plant tissues.25 Here we compared three conditions for the natural transformation based cloning, namely in LB liquid medium in deep well plates with or without shaking, or on top of LB agar. From the same amount of DNA, three protocols generated comparable cloning efficiency (Table 1). Liquid medium with shaking was used in the following experiments as it is easier to perform and also easier to separate single colonies. Without shaking, biofilm formed on the surface of the liquid culture, making it difficult to spread on selection agar plates.



Table 1. Colony numbers obtained by different transformation protocols.
OE-PCR products from pUCP24 backbone alone (negative control) or from pUCP24 backbone and the 4 kb fragment were used to transform A. baylyi ADP1. +/- indicated standard deviation of three transformation replicates.
	Colony number per micro gram DNA
	Transformation on top of LB agar
	Transformation in liquid LB
	Transformation in liquid LB with shaking at 220 rpm

	pUCP24 backbone
	20 ± 20
	40 ± 17
	27 ± 15

	pUCP24 backbone + 4 kb
	6267 ± 643
	12267 ± 2335
	10133 ± 1026



Natural product BGCs were cloned by this new method
Natural products have contributed to or inspired more than half of the small molecule drugs used in the clinic.26 Cloning novel BGCs and expressing them in heterologous hosts is a promising strategy to revive the drug discovery pipeline which has been suffering from high rates of rediscovery of known compounds.27-28 Here we used natural transformation on parallel cloning of novel antibiotic BGCs predicted by antiSMASH.29 Because antibiotic compounds can be toxic to the cloning and expression hosts, a tight and inducible T7 promoter was used in a new cloning vector pXJ100. One non-typical, one NRPS, two nucleoside, and 17 RIPP BGCs were chosen from Streptomyces, Pseudomonas, Photorhabdus and Xenorhabdus genomes (Supplementary Table 2, 3, and 4). They have a size range from 1 to 19 kb, and a GC range from 35% to 73%, cloned as a single fragment or divided into two fragments for refactoring (Supplementary Table 2). The cloning was carried out in 96 deep well plates from Gibson products. Correct plasmids were expressed in E. coli BL21(DE3) or Pseudomonas putida KT2440 for product activity screening. Among the 21 BGCs tested, antibacterial activity was detected from gene cluster NN1 cloned from Photorhabdus asymbiotica ATCC43949. It is a nucleoside BGC containing 16 genes as a single operon. The original sequence of it is disrupted by an insertion sequence (IS) in the middle. To restore the functional BGC, the IS was eliminated by a two-fragment cloning (Figure 2a). Its yet to be identified product showed antibacterial activity against Bacillus subtilis (Figure 2b). 
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Figure 2. Cloning and refactoring of gene cluster NN1. (a) The map of gene cluster NN1 from P. asymbiotica ATCC43949. An IS transposon (red arrow) disrupted the gene cluster (black arrows). Two fragments before and after the IS were amplified individually and assembled together onto pXJ100 vector backbone. By this way, the gene cluster was restored. (b) Inhibition zones generated by NN1 gene cluster product. The cloned NN1 gene cluster was expressed in E. coli BL21(DE3) and tested against B. subtilis BS168. Empty plasmid pXJ100 was used as negative control.

Knocking out HsdR restriction does not improve cloning efficiency
Bacterial restriction–modification (RM) systems are known to be a defense mechanism against foreign DNA. Knocking out RM systems is a general strategy to increase the electrotransformation efficiency of various bacteria. In the case of natural transformation, the role of RM however is more complicated and may vary from bacterium to bacterium.30-31 In Pseudomonas stutzeri, deficiency in RM resulted in increased natural transformation efficiency.32 As Acinetobacter is closely related to Pseudomonas, we tested if A. baylyi natural transformation can be further improved in a similar way. Genome analysis revealed a type I restriction system, HsdRSM, in A. baylyi. In a previous study HsdRSM was resistant to gene deletion, suggesting it was expressed as a toxin-antitoxin pair.33 Hence, we targeted only the restriction enzyme HsdR, while keeping the modification enzyme intact. The inactivation was performed by replacing 68 bp in the middle of hsdR (ACIAD_RS15520) with a chloramphenicol resistance marker, resulting in strain ADP1 hsdR::cat (Figure 3a).
The transformation efficiency of wild-type strain and ADP1 hsdR::cat were investigated using plasmid pucp24 and pXJ100-NN1. The plasmid DNA was used directly or first amplified into multimer by rolling circle amplification (RCA).34 In all cases, the transformation efficiencies of ADP1 hsdR::cat were no higher than the wild type strain (Figure 3b). In addition, previous studies showed that A. baylyi ADP1 doesn’t apparently discriminate exogenous DNA from different organisms.35 DNA from unrelated bacteria, plants, or PCR amplification can efficiently transform A. baylyi ADP1. Therefore, the wild type strain was used in following cloning.
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Figure 3. Transformation efficiency of A. baylyi ADP1 WT and ADP1 hsdR::cat. (a) Construction of ADP1 hsdR::cat. Genes of the restriction system are shown as gray arrows. The endonuclease gene hsdR was inactivated by replacing 68 bp in the middle of it with a chloramphenicol resistance marker cat (red arrow). (b) Transformation efficiency with circular plasmids and plasmid multimers. Plasmid pUCP24 and pXJ100-NN1 were used in the test. Circular plasmids were prepared by isolating from E. coli. Plasmid multimers were prepared by rolling circle amplification of the circular plasmids. +/- indicated standard deviation of three transformation replicates.
A. baylyi ADP1 cloning has higher true-positive ratios than E. coli cloning
E. coli cloning is often hampered by “false positive” colonies caused by uncut circular vector template or self-ligation of vector backbone. These empty plasmid molecules are smaller than the desired recombinant plasmids, thus have higher efficiency to be transferred into E. coli cells36. Consequently, laborious gel purification is required to eliminate those empty plasmid molecules or colony PCR is required to find the correct ones from screening a large number of colonies37. For natural transformation, circular monomer plasmids were poorer substrates than linear multimers (Figure. 3b), which is in consistent with previous reports.22, 38 We reasoned that contamination of the circular empty plasmids in the Gibson and OE-PCR reactions should therefore be discriminated against by natural transformation and thus cause less false positive colonies than in E. coli cloning. To test this, we compared the positive ratio of A. baylyi ADP1 cloning and E. coli cloning from the same OE-PCR product of a GFP cloning (Figure 4). A. baylyi ADP1 cloning showed higher positive ratios than E. coli in all three repeats.
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Figure 4. Comparison between A. baylyi ADP1 cloning and E. coli cloning. A DNA fragment containing GFP gene was assembled with a pUCP24 based vector pXJDP by OE-PCR. The product was directly used for A. baylyi ADP1 natural transformation, or purified by ethanol precipitation then used for E. coli electroporation.
A low-cost benchtop robot can reliably perform the natural transformation based cloning
Recently, low-cost bench top robots became available on the market. The natural transformation based cloning requires only the mixing of DNA and bacterial culture, which is ideal for robotic handling. We therefore developed an automated cloning platform by combining bacterial natural transformation and the Opentrons OT-2 liquid handling robot. Two quality controls were designed for monitoring the cloning efficiency and positive ratio. A GFP fragment was used as the one fragment cloning control. An mScarlet gene fragment and a chloramphenicol resistant gene fragment were used as the two-fragment cloning control. We applied automated cloning to create a series of gene knockout derivatives of the non-typical BGC (Figure 5a). This BGC was chosen because it has an unusual gene composition and its product is yet to be discovered.39 Cloning efficiencies by the robot were similar to that achieved in manual operation and above 90% of the control colonies were green or red (Figure 5b and c). Three colonies for each of the BGC derivatives were picked and made into glycerol stocks, of which two or three contain correctly constructed plasmids (Figure 5b). 
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Figure 5.  Cloning on Opentrons OT-2 robot. (a) Map of the non-typical BGC and cloning inserts. The BGC was discovered from Pseudomonas putida W15Oct28 and has an unusual gene composition. Four derivatives were designed with certain genes removed by choosing different cloning inserts. (b) Cloning efficiency. The one fragment cloning control uses a GFP gene fragment as the insert. The two-fragment cloning control uses an mScarlet gene fragment and a chloramphenicol resistant gene fragment as the inserts. Positive ratios were calculated by counting the green or red colonies or by colony PCR. (c) Photos of the two cloning controls. 
CONCLUSION
High-throughput DNA cloning is important for many studies. So far, automation of cloning protocols was, however, limited to only well-funded companies or specialized institutes. In this study we have developed a natural transformation based cloning method that requires only the adding of DNA substrates into liquid bacterial cultures. High efficiency and positive ratios are achieved for a wide range of DNA sizes, GC contents and BGC types. It can be easily performed on low-cost lab robots and no expensive equipment or additional consumable is required. Thus, it provides a powerful platform for high throughput synthetic biology studies.
MATERIALS AND METHODS
Enzymes and kits
Phusion Hot Start II DNA polymerase or Q5 Hot Start DNA polymerase from Thermo Fisher Scientific (USA) were used for PCR amplification and OE-PCR assembly. OneTaq Quick-Load 2X Master Mix was used for colony PCR. Betaine from Sigma-Aldrich (Germany) was used as PCR enhancer for high GC DNA.40-41 Primer oligos were synthesized by IDT in tube or well plate format (Integrated DNA Technology). Primer sequences are summarized in Supplementary Table S5. NucleoSpin plasmid kit from MACHEREY-NAGEL was used for Acinetobacter plasmid isolation. Illustra TempliPhi 100 Amplification Kit was used for rolling circle amplification of plasmids.
DNA assembly
The Gibson Assembly Master Mix from New England BioLabs(USA) was incubated with DNA substrates for 1 hour according to the supplier protocol. OE-PCR assembly was performed by the method from You et al.7 In brief, DNA fragments were mixed into standard PCR reaction but without additional oligo primers. The DNA fragments prime each other by their overlaps and get assembled into long multimers. The assembly products were directly used for natural transformation of A. baylyi ADP1 or purified by ethanol precipitation and then used for electrotransformation of E. coli Top10.
Construction of cloning vector pXJ100
Three fragments were amplified from pUCP24 by primer pairs xj202 + xj203, xj206 + xj207 and xj208 + xj209. A fragment containing the T7 promoter, multi cloning sites and T7 terminator was amplified from pET28a by xj204 + xj205. The four fragments were assembled into pXJ100 by Gibson reaction.
Construction of A. baylyi ADP1 hsdR::cat
Two homologous arms were amplified from A. baylyi genomic DNA with primer xj241+ xj242 and xj245+xj246. The cat selective marker was amplified from pACYduetI with primer xj243+ xj244. A plasmid backbone was amplified from pUC18 with primer xj247+ xj248. The fragments were assembled by Gibson reaction, transferred into E. coli by electroporation and selected on plates with Cm. The resulting plasmid was used to do gene knockout in A. baylyi ADP1 by natural transformation and selection on plate with Cm. Gene replacement was confirmed by colony PCR using primer xj241.1 + xj246.1.
Natural transformation
Natural transformation in liquid medium is carried out in 96-deep-well plates or 15 ml Eppendorf tubles. 50 µl overnight LB culture was diluted with 0.45 ml fresh LB, added with DNA samples and incubated at 30oC overnight with 220 rpm shaking. Natural transformation on top of solid medium is carried out on LB agar plates. 50 µl overnight LB culture was mixed with DNA samples, dropped on top of LB agar and incubated at 30oC overnight. Cells were collected with a plastic loop, suspended in liquid LB then spread on selection agar.
BGC heterologous expression and antibiotic activity screening
Plasmids were transferred into E. coli BL21(DE3) by heat shock in a 96 well PCR plate or transferred into P. putida KT2440 by electroporation. Three random colonies from each plasmid were tested. Cells from 10 ml fresh overnight culture were washed with fresh LB without antibiotic for three times, suspended in 10 ml fresh LB with 0.5 mM IPTG and incubated at 30oC with 220 rpm shaking for 24 hours. 100 µl of supernatant was dried on a paper dish. Testing plates were prepared by spreading 200 µl B. subtilis BS168 culture of 0.2 OD600. The paper dishes were laid onto the testing plates and incubated at 30oC overnight. Antibiotic activity was indicated by the formation of inhibition zones. 
Automation of Natural Transformation
Robotic cloning was performed using the Opentrons OT-2 liquid handling robot (opentrons.com). The OT-2 was fitted with two pipettes, a 10 µL multichannel pipette and a 300 µL single channel pipette. Natural transformation was performed by transferring 5 µL DNA samples from a 96-well PCR plate to a 96-deep-well plate prefilled with 450 µL A. baylyi ADP1 culture per well (detailed robotic operation can be found in Supplementary Method 1). 
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