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ABSTRACT The Argonaute proteins are present in all three domains of life, which are
archaea, bacteria, and eukarya. Unlike the eukaryotic Argonaute proteins, which use
small RNA guides to target mRNAs, some prokaryotic Argonaute proteins (pAgos) use a
small DNA guide to interfere with DNA and/or RNA targets. However, the mechanisms
of pAgo natural function remain unknown. Here, we investigate the mechanism by
which pAgo from Natronobacterium gregoryi (NgAgo) targets plasmid and bacterio-
phage T7 DNA using a heterologous Escherichia coli-based model system. We show
that NgAgo expressed from a plasmid linearizes its expression vector. Cotransformation
assays demonstrate that NgAgo requires an RNA in trans that is transcribed from the
bacteriophage T7 promoter to activate cleavage of a cotransformed plasmid, reminis-
cent of the trans-RNA function in CRISPR/Cas9. We propose a mechanism to explain
how NgAgo eliminates invading foreign DNA and bacteriophage. By leveraging this dis-
covery, we show that NgAgo can be programmed to target a plasmid or a chromo-
some locus.

IMPORTANCE We revealed the mechanism that explains how the NgAgo eliminates
the invading foreign DNA and bacteriophage in bacterial cells at 37°C, and by lever-
aging this discovery, NgAgo can be programmed to target a plasmid or a chromo-
some locus.
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Argonaute proteins are a highly diverse family of guide-dependent nucleases found
in all three domains of life (1–3). They were first discovered in eukaryotes as a key

player in the RNA interference system, where they use small RNA guides to locate
mRNA targets for regulating gene expression and suppressing mobile genetic ele-
ments (4, 5). Homologous prokaryotic Argonaute proteins (pAgos) have also been
found in bacteria and archaea but are extremely diverse compared with eukaryotic
Argonaute proteins (1–3). Unlike their eukaryotic counterparts, some pAgos have been
shown to use small single-stranded DNA (ssDNA) as guides to act in vitro as nucleases
with distinct specificity toward DNA targets (6–12). Others, such as MpAgo, use a 59-
OH RNA as a guide sequence to target RNA or single-stranded DNA sequences (13),
while RsAgo utilizes RNA to target a DNA sequence (14). However, the mechanism of
guide DNA generation, DNA target discrimination, and the natural function of pAgos in
vivo remains, in general, unknown. Swarts et al. (15) previously proposed a DNA chop-
ping mechanism for small DNA guide generation. They showed that Thermus thermo-
philes Argonaute (TtAgo) and Methanocaldococcus jannaschii Argonaute (MjAgo) pro-
teins exhibited a guide-independent nuclease activity, coined as “chopping activity”
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(11, 15). This chopping activity exhibits two characteristics: most chopping substrates
are derived from foreign invading plasmids or bacteriophages, and the chopping activ-
ity is extremely low. By chopping, pAgos first nonspecifically cut invading plasmids or
bacteriophages, generating short fragments of foreign DNA, which are subsequently
loaded on Argonaute. By an unknown mechanism, Argonaute protein then can release
one strand of DNA while retaining the other strand as the guide DNA. Kuzmenko et al.
reported that Clostridium butyricum Argonaute (CbAgo) showed a guide DNA loading
preference at multicopy genetic loci within its host genome (10). They also found that
loading of CbAgo with locus-specific small DNA guides depends on both its intrinsic
endonuclease activity and the cellular double-strand break repair machinery. However,
the natural functions of pAgos loaded with guide DNA remain unknown.

Many natural hosts expressing pAgos live in harsh and extreme environments, mak-
ing it difficult to characterize pAgo function in homologous host cells. In addition,
most pAgos are expressed poorly at 37°C in Escherichia coli BL21 and its derivatives (6,
7, 9, 10, 13, 16). Consequently, most published pAgo research is focused on protein
structure and enzyme activity using in vitro cleavage assays (9, 11, 17–19), with limited
data from in vivo studies (10, 20–24). As such, their in vivo functions remain elusive,
with limited function characterization.

In the present study, we provide evidence that NgAgo heterologously expressed in
E. coli BL21(DE3) cells linearizes its expression vector (pET28a based). Using cotransfor-
mation experiments, we determined that NgAgo requires trans-expressed RNAs from
certain promoters to target a cotransformed plasmid, providing strong evidence that
NgAgo-induced DNA interference requires RNA for activation in vivo. We also discov-
ered that NgAgo expressed in E. coli BL21(DE3) can protect the bacterial cells from bac-
teriophage T7 infection, leading to significantly reduced PFU production and disrupted
T7 genomic DNA. Based on our data, we propose a mechanism in which NgAgo inter-
feres with foreign DNA in an RNA-activated manner. This discovery provides us with
the tools to program NgAgo to target foreign nucleic acids, including both plasmid
and genomic loci.

RESULTS
NgAgo linearizes its expression plasmid in E. coli. In our previous study (25), we

showed that plasmid-based expression of either NgAgo or TtAgo (designated pET28a-
NgAgo and pET28a-TtAgo) in E. coli BL21(DE3) resulted in rapid loss of their cognate
expression vectors but had no adverse effect on the host cell genome. We hypothe-
sized that this occurred via targeted endonuclease activity by NgAgo and TtAgo on
their expression plasmids. To detect cleavage of the expression vectors, we used a
digoxin-labeled probe corresponding to the kanamycin resistance gene (see Fig. S1 in
the supplemental material) on the plasmid to perform Southern blots. As expected,
extracts prepared from the negative-control BL21(DE3) cells transformed with the pa-
rental pET28a plasmid (Fig. S2) displayed multiple differentially migrating bands con-
sistent with various DNA isoforms, representing supercoiled, nicked, and linear forms
of the plasmid. In stark contrast, two independent transformations of cells induced
with isopropyl-b-D-thiogalactopyranoside (IPTG) to express NgAgo display a single
band corresponding to the linearized vector (pET28a-NgAgo) (Fig. 1, NgAgo-1 and -2).
Thus, expression of NgAgo in BL21(DE3) leads to the linearization of the pET28a-based
expression plasmid in such a way that it cannot be recircularized and therefore is
unable to replicate within cells. These data are also entirely consistent with our previ-
ous result that induction of pAgos (NgAgo, TtAgo, and RsAgo) expression induced the
elimination of their expression plasmids (25).

Effect of NgAgo expression on cotransformed plasmids. After determining that
expression of NgAgo caused linearization of its expression vector, we then asked
whether NgAgo expression can also linearize a second cotransformed plasmid. To
address this question, we chose two other commonly used cloning and expression
plasmids, pUC57 (Fig. S2) and pET32a, since both plasmids confer ampicillin resistance,
an alternative selectable marker.
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BL21(DE3) cells transformed with combinations of pET28a-NgAgo and either pET32a
or pUC57 grew well as visible colonies on LB1Kan1Amp plates in the absence of IPTG
induction, demonstrating that they can cosurvive and replicate within the same host cell
without interference (Fig. 2A, top). We selected cells cotransformed with pET28a-NgAgo
and either pET32a or pUC57 and performed a spot plating assay in which serial dilutions
of cells were plated with or without IPTG to induce NgAgo expression (Fig. 2A).
Consistent with the observations obtained in Fig. 1 and our previous report (25), NgAgo
induction with IPTG led to the elimination of its own expression plasmid, as no visible col-
ony growth was observed on the LB1Kan1IPTG plates (Fig. 2A, middle). LB1Amp1IPTG
plates were used to examine the effect of NgAgo expression on the cotransformed
pET32a or pUC57 plasmid. Surprisingly, the expression of NgAgo resulted in the elimina-
tion of the cotransformed plasmid pET32a, based on a large decrease in ampicillin-resist-
ant colonies compared to that observed on the LB1Kan1Amp plate (Fig. 2A, left and
bottom). In stark contrast, induction of NgAgo expression had no effect on the number of
ampicillin-resistant colonies in cells cotransformed with pUC57 (Fig. 2A, right and bot-
tom). NgAgo expression from the expression vector also had no adverse effect on the
host cell genome, given that there’s minor difference of colony number on LB plates with
or without IPTG induction (Fig. S3). This result suggested that pET32a, but not pUC57,
contained a sequence targeted by NgAgo.

To determine the essential region of pET32a necessary for NgAgo-mediated elimi-
nation, we divided it into three overlapping fragments, excluding the replication origin
and the marker gene (Ampr) regions, and cloned these three individual fragments (F1,
F2, and F3) into the nontargeted pUC57 plasmid. These were designated pUC57-F1,
pUC57-F2, and pUC57-F3, as shown in Fig. 2B. We repeated the spot-plating assays
using these derivatives to determine if any of these three regions could confer suscep-
tibility to pET28a-NgAgo after induction (Fig. 2C). After cotransformation with pET28a-
NgAgo into BL21(DE3), only the pUC57-F1 transformants exhibited a dramatic reduc-
tion in colony number similar to that from the cotransformed pET32a plasmid (Fig. 2C,
left and bottom). This result suggests that the fragment F1 contains an essential
sequence necessary for NgAgo to target the cotransformed plasmid.

To rule out any contribution related to artifacts of the cloning process, we gener-
ated a second clone containing the F1 fragment in the reverse orientation in the
pUC57 vector, named pUC57-F1(r). Like pUC57-F1, the plasmid with the inverted F1

FIG 1 NgAgo linearizes its expression plasmid in E. coli. NgAgo-1/-2 represent two independent
transformations with the pET28a-NgAgo plasmid. The parental pET28a plasmid represents the
negative control. M, DNA molecular-weight marker II (11218590910; Roche). The arrow indicates the
expected size of the linearized expression vector.
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fragment was similarly sensitive to NgAgo, ruling out confounding effects from
sequence orientation or cloning junctions (data not shown).

To further confirm the observations that the cotransformed pUC57-F1 plasmid was
targeted by NgAgo for elimination, colony number was measured after retransforma-
tion of plasmid DNA isolated from transformed BL21(DE3) cells with or without IPTG
induction. DNA from the pUC57 cotransformations was used as a control. The retrans-
formation assay also indicated that NgAgo expression significantly reduced the con-
tent of pUC57-F1 plasmid (Fig. 2D) compared with the control group pUC57 in IPTG-
induced cells (Fig. 2E). This result suggests that the F1 fragment derived from pET32a
can trigger NgAgo to target a cotransformed plasmid in trans.

The bacteriophage T7 promoter sequence on a cotransformed plasmid is essential
for triggering NgAgo targeting. The pET32a-derived fragment F1 corresponds to
728 bp containing the bacteriophage T7 promoter as well as sequences for expression
of foreign proteins, including the thioredoxin fusion gene (TrxA), a thrombin cleavage
site, S-tag, and enterokinase cleavage site (Fig. 3A). To pinpoint the crucial sequence
within this fragment, we first deleted the T7 promoter sequence [designated pUC57-F1
(DT7)] and examined its sensitivity to NgAgo targeting using the spot-plating assay. As
shown in Fig. 3B, pUC57-F1(DT7) was no longer targeted by NgAgo, suggesting that
the bacteriophage T7 promoter plays an essential role in triggering NgAgo to target
the cotransformed pUC57-F1 plasmid. This result prompted us to ask whether the T7
promoter DNA sequence itself or T7 promoter-driven expression of downstream poly-
peptides plays a role in inducing NgAgo to target the cotransformed plasmid. To
address this question, we tested another T7 promoter-containing plasmid, pcDNA3.1,

FIG 2 Effect of NgAgo expression on cotransformed plasmids. (A) Spot assay of pET28a-NgAgo and pET32a
(left) or pUC57 (right) cotransformation. Serial dilutions of transformed cells were plated and grown on the
indicated medium. (B) Schematic diagram of fragments F1, F2, and F3 derived from pET32a. (C) Spot assay of
pET28a-NgAgo and pUC57-F1 (left)/pUC57-F2 (middle)/pUC57-F3 (right) cotransformation. Serial dilutions of
transformed cells were plated and grown on the indicated medium. (D) Colony number measured from
retransformation of pET28a-NgAgo (Kan) and pUC57-F1 (Amp) with and without IPTG induction. (E) Colony
number measured by retransformation of pET28a-NgAgo (Kan) and pUC57 (Amp), with and without IPTG
induction. Means and standard deviations (SD) from 3 independent biological replicates are shown for panels
D and E. Error bars represent the means 6 SD.
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which does not share any sequence similarity downstream of the T7 promoter with the
plasmid pET32a. Figure 3C clearly demonstrated that cotransformed pcDNA3.1 was
also targeted by NgAgo, similar to pUC57-F1. This rules out a role for any specific poly-
peptides downstream of the T7 promoter in inducing NgAgo to target the cotrans-
formed plasmid.

Given the fact that the spot-plating assays were conducted in BL21(DE3) strain and
that NgAgo protein expression also employs a bacteriophage T7 polymerase-based
system, we asked whether T7 polymerase physically interacts with NgAgo protein
recruiting the nuclease to the T7 promoter sequence site for vector cleavage. To test
this hypothesis, we performed coimmunoprecipitation assays but failed to detect any
physical interaction between the two proteins (data not shown). No interaction was
detected using yeast two-hybrid tests (data not shown). These results suggest that the
bacteriophage T7 polymerase is unlikely to physically interact with the NgAgo protein.

Bacteriophage T7 promoter-driven transcripts induce NgAgo to target the
cotransformed plasmid DNA. We next shifted our focus to a possible role of the T7
promoter-driven transcript. By comparing the sequences downstream of the T7 pro-
moter between pET32a and pcDNA3.1, we did not find any sequence similarity, imply-
ing that a specific RNA directed by the T7 promoter is not required for NgAgo target-
ing of the cotransformed plasmid. We hypothesized that NgAgo nuclease activity
could simply require any RNA transcript produced by the T7 promoter to activate spe-
cific targeting of the cotransformed template plasmid. To test the hypothesis, we con-
structed a pUC57-based plasmid with the T7 promoter driving 200 bp of the bacterial
dapD gene sequence and conducted the cotransformation assays in two different bac-
terial strains, BL21(DE3) (Fig. 4A) and DH5a (Fig. 4B). Because the DH5a strain does not
encode bacteriophage T7 RNA polymerase, we replaced the T7 promoter in the NgAgo
expression vector with the PTac promoter, designated pET28a-PTac-NgAgo. While the
Tac promoter is also IPTG inducible, it is not dependent on T7 RNA polymerase and
will function in both BL21(DE3) and DH5a cells.

As shown in Fig. 4A, the T7 promoter-containing cotransformed plasmid, pUC57-
T7-dapD, was eliminated by NgAgo expressed from pET28a-PTac-NgAgo vector in
cotransformed BL21(DE3) cells after IPTG induction. In contrast, the equivalent cotrans-
formed plasmid without the T7 promoter (pUC57-dapD) was not eliminated by NgAgo.
However, when repeated in E. coli DH5a, which does not express the bacteriophage T7
RNA polymerase and, thus, does not generate an RNA transcript from the T7 promoter
in plasmid pUC57-T7-dapD, NgAgo lost the ability to eliminate the T7 promoter con-
taining pUC57 plasmid (pUC57-T7-dapD) (Fig. 4B). This result strongly supports our hy-
pothesis that NgAgo requires an RNA transcript from the T7 promoter to activate its
DNA interference activity and subsequent plasmid elimination, and that the RNA needs
only correspond to a sequence in the vector to be targeted.

FIG 3 Bacteriophage T7 promoter sequence on a cotransformed plasmid plays an essential role for NgAgo
targeting. (A) Schematic diagram of fragments F1 and F1(DT7). (B) Spot plating assay of pET28a-NgAgo and
pUC57, pUC57-F1, or pUC57-F1(DT7) cotransformation. (C) Spot plating assay of pET28a-NgAgo and pcDNA3.1
cotransformation.
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This raises the question of how the bacteriophage T7 promoter-driven RNA can acti-
vate NgAgo for specific elimination of a cotransformed plasmid. As for RNA species,
the plasmid pUC57 normally produces several types of RNAs during plasmid replica-
tion within cells, including RNAI and RNAII, transcribed from the replication origin (26),
and ampicillin resistance gene mRNA. In addition, pUC57 plasmid also contains the Lac
promoter (PLac) driving expression of the lacZ gene. In contrast to the transcript driven
by the T7 promoter, these noncoding and coding RNAs produced by the plasmid
pUC57 did not have the ability to activate NgAgo nuclease to cleave the pUC57.
Interestingly, almost all pAgos isolated from either their homologous or heterologous
cells exist as either a single-stranded DNA (ssDNA) or an RNA binding complex. The
ssDNA or RNA sequences bound by pAgos mapped either to host genome sequence
or plasmid and bacteriophage DNA sequence (6, 9, 24). These ssDNA or RNA-bound
pAgo complexes apparently do not have nuclease activity to target the host genome
or transformed plasmids. This suggests that they require an additional activation step,
such as the presence of T7-driven RNAs, to achieve DNA interference via the bound
ssDNAs and the complementary target DNA sequence.

Based on our results and previous reports, we hypothesized that these ssDNA-bind-
ing pAgo complexes require a special activating transcript, such as a T7 promoter-
driven RNA, which is necessary for targeting DNA in a guide-dependent manner. This
activation most likely happens in a sequence-complementary manner between
NgAgo-binding ssDNA and the T7 promoter-derived RNA transcript, which we have
termed an activation RNA (aRNA). After activation, the ssDNA binding NgAgo complex
then specifically targets the plasmid by its ssDNA guide, or perhaps the aRNA also
functions as a guide. In retrospect, this hypothesis aligns with our previous observation
that expression of NgAgo and TtAgo in BL21(DE3) cells resulted in degradation of the
expression plasmids, likely because the ssDNA binding NgAgo and TtAgo can be acti-
vated by their own transcript mRNA, which was driven by the T7 promoter in the
pET28a vector. This results in linearization and loss of the expression plasmid after
induction.

To test this model, we replaced the T7 promoter in pET28a-NgAgo with the Lac pro-
moter (pET28a-PLac-NgAgo). We chose the Lac promoter based on the observation that
the transcript driven by the Lac promoter on plasmid pUC57 did not activate NgAgo to
target the cotransformed plasmid pUC57 (Fig. 3B, left). Therefore, we assumed that Lac
promoter-driven NgAgo transcript would not activate NgAgo to target its expression
plasmid.

FIG 4 Bacteriophage T7 promoter-driven transcript induces NgAgo to target the cotransformed plasmid DNA.
(A) Spot plating assay of pET28a-PTac-NgAgo and pUC57-dapD, pUC57-T7-dapD cotransformation in BL21(DE3).
(B) Spot plating assay of pET28a-PTac-NgAgo and pUC57-dapD, pUC57-T7-dapD cotransformation in DH5a. (C) A
comparison of the ability of NgAgo protein expressed from the Lac promoter and T7 promoter on expression
vector plasmid elimination. (D) NgAgo protein expression by pET28a-PLac-NgAgo was examined by Western
blotting. IPTG was added as indicated. M, Easysee Western marker (DM201; TransGen Biotech, Beijing, China).
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As expected, after being transformed into BL21(DE3) cells, the spot-plating assay
showed that expression of the NgAgo protein driven by the Lac promoter (pET28a-
PLac-NgAgo) did not result in the elimination of the NgAgo expression vector, unlike
what was observed when its expression was driven by the T7 promoter (Fig. 4C). A
Western blot ruled out the possibility that the cloned promoters were nonfunctional,
as NgAgo expression was detected from the vector containing the Lac promoter. We
also verified Lac promoter activity by showing that it was sufficient to direct expression
of eGFP (data not shown). Both assays confirmed that the Lac promoter works well in
the cloned vector.

Reconstitution of NgAgo expression by integration into heterologous BL21(DE3)
host cells. To further elucidate the mechanism by which pAgos might defend host cells
from foreign DNA, we reconstituted their expression in BL21(DE3) cells by individually
integrating the NgAgo gene or the EGFP gene into the BL21(DE) cell genome. This
should mimic NgAgo gene expression in its natural host and help precisely define their
function under endogenous expression. We designed an integration vector containing
a T7 promoter-driven NgAgo gene expression cassette flanked by 400 bp of homolo-
gous chromosome integration sequence. To facilitate selection of integrated colonies,
we incorporated a kanamycin resistance gene upstream of the NgAgo expression cas-
sette. Based on a previous report (27), we targeted the integration vector into the BL21
(DE3) genome at the coordinate of 1,300,270. With the aid of the Lambda Red recombi-
nation system and kanamycin selection, we obtained the NgAgo gene-integrated BL21
(DE3) recombinant strain, named BL21::NgAgo. A control EGFP expression cassette was
similarly integrated to create BL21::EGFP. We verified the integration site and NgAgo
gene expression cassette sequence and protein expression (Fig. S4) and the green fluo-
rescence expressed by BL21::EGFP strain after IPTG induction (Fig. S5).

We first examined whether expression of the endogenously integrated NgAgo gene
affected bacterial cell growth by comparing optical density at 600 nm (OD600) values
between BL21::NgAgo and BL21(DE3) at different time points after IPTG induction.
Unlike what we observed for plasmid-based expression, induction of NgAgo expression
from the integrated genomic copy did not affect BL21(DE3) cell growth (Fig. 5A).

We next tested whether endogenously expressed NgAgo can interfere with trans-
formed plasmid DNA, similar to NgAgo expressed from the pET28a vector, to reduce
plasmid maintenance efficiency, similar to a CbAgo-expressing strain (10). To perform
these experiments, we constructed a pUC57-araC plasmid and transformed it in paral-
lel with pET32a and pUC57 plasmids into BL21::NgAgo and BL21(DE3). Upon induction
of NgAgo, we measured the efficiency of plasmid maintenance (Fig. 5B). The number

FIG 5 Reconstitution of NgAgo expression by integration into heterologous BL21(DE3) host cells. (A) OD600

values of NgAgo-integrated BL21(DE3) and wild-type BL21(DE3) at different time points after IPTG induction. (B)
Comparison of plasmid maintenance efficiency between NgAgo-integrated BL21(DE3) and wild-type BL21(DE3).
Means and standard deviations from 3 independent biological replicates are shown for panels A and B. Error
bars represent the means 6 SD. ns, not significant. ***, P , 0.001. Data were analyzed by SPSS using a one-
way ANOVA and charts were generated with Graph Prism 8.
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of pET32a and pUC57-araC plasmid-free cells in BL21::NgAgo is significantly higher
than that in the BL21(DE3) group after the fourth passage in LB medium supplemented
with IPTG. In contrast, the BL21::NgAgo strain maintained the pUC57 plasmid until the
seventh passage in LB medium supplemented with IPTG (Fig. S6). This result confirms
that endogenously expressed NgAgo could rapidly eliminate those plasmids that gen-
erated the transcripts driven by the T7 or araC promoters, consistent with the result
from CbAgo-expressing strains (10).

NgAgo protects BL21(DE3) cells from bacteriophage T7 infection by interfering
with the integrity of phage genomic DNA. Encouraged by the discovery that NgAgo
requires T7 promoter-directed transcripts to activate its guide-dependent effects on
foreign DNA in our experiments described above, we hypothesized that NgAgo should
defend heterologous BL21(DE3) host cells against bacteriophage T7 infection, as this
bacteriophage produces several T7-driven transcripts. To test this, we transformed
pET28a-NgAgo plasmid into BL21(DE3) cells and challenged them with T7 phage.

Bacteriophage T7 efficiently infected BL21(DE3) cells, causing bacterial cells lysis
and plaque formation. However, the BL21(DE3) cells expressing NgAgo were resistant
to bacteriophage T7 infection, as no visible plaques was detected after infection with
the same titer of T7 phage (Fig. 6A). NgAgo protein was expressed as determined by
Western blotting (Fig. 6B). We concluded that NgAgo protein protected the heterol-
ogous host BL21(DE3) cells from bacteriophage T7 infection. An examination of the
number of PFU of bacteriophage T7 produced from NgAgo transformation groups and
the BL21(DE3) control group confirmed that NgAgo expression significantly decreased
the relative titer of virus produced upon infection (Fig. 6C). Compared with the control
BL21(DE3) cells, NgAgo expression dramatically reduced the number of PFU of prog-
eny phage by more than 5 orders of magnitude.

To further study their host defense function, we tested several previously studied
NgAgo mutants (6, 22) for their ability to protect from bacteriophage T7 infection
(Fig. 6D). We generated and tested two mutants of NgAgo: (i) the double mutant
NgAgoDM (D663A, D738A), which targets the DEDX active center of the NgAgo pro-
tein, constructed based on structural similarity with TtAgo and determined to be cata-
lytically important in previous in vitro nuclease activity studies (6), and (ii) NgAgo
(R40C), a single point mutation constructed and verified using the same method
described in our previous in vivo loss-of-function mutation screen (25). Although
NgAgoDM showed a decrease in protection compared with wild-type NgAgo, reducing
PFU production by 1 order of magnitude, it still retained significant activity compared
with control BL21(DE3) cells. This suggests that mutations within the putative enzyme
active center do not completely abrogate NgAgo’s ability to protect against virus infec-
tion (Fig. 6D). The single point mutation NgAgo (R40C) was more significantly impaired
but still able to reduce phage yield compared with the control BL21(DE3) cells. These
results suggest that NgAgo employs a complicated mechanism for protection of the
host cell from virus infection that relies on multiple different functions.

We also examined the integrity of T7 phage DNA extracted from infected cells by
agarose gel electrophoresis. A DNA sample from the control BL21(DE3) cells displayed
a sharp band of ;40 kb, consistent with the full-length T7 phage genome size.
However, DNA from NgAgo-expressing cells presented as a smear of DNA, indicative of
degradation (Fig. 6E). Using these genomic DNA samples as the template, we con-
firmed that they represented T7 phage DNA by PCR amplification of the T7-encoded
p17 gene (Fig. 6F). These data conclusively demonstrated that NgAgo expression pro-
tected E. coli from T7 phage infection by interfering with the integrity of phage
genomic DNA.

DISCUSSION
Evidence that NgAgo nuclease activity requires RNA activation. The pAgos have

been long considered a microbe defense system against foreign DNA invasion and
bacteriophage infection (28). However, the mechanism by which they function in the
host cell remains to be determined. In the current study, we first demonstrated that
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FIG 6 NgAgo protects BL21(DE3) cells from bacteriophage T7 infection by interfering with the integrity of phage genomic DNA. (A) Plaques of
bacteriophage T7 on BL21(DE3) and NgAgo-expressing BL21(DE3). (B) NgAgo protein expression detected by Western blotting. (C) T7 PFU comparison of
phage yield from infected NgAgo expressing BL21(DE3) and parental BL21(DE3). (D) T7 PFU yield comparison among infected NgAgo and NgAgo mutants
in BL21(DE3). (E) T7 bacteriophage genomic DNA from infected wild-type BL21(DE3) and derivatives expressing NgAgo and NgAgo mutants. M, Trans15K
DNA marker (TransGen Biotech, Beijing, China). (F) PCR amplification of the T7 p17 gene using phage genomic DNA from panel E as templates. Genomic
DNA of BL21(DE3) was used as the control. The unmarked lanes were other samples unrelated to this article. M, Trans2K plus DNA marker (TransGen
Biotech, Beijing, China). Means and standard deviations from 3 independent biological replicates are shown for panels C, D, and E. Error bars represent the
means 6 SD. *, P , 0.05; **, P , 0.01; ***, P , 0.001. Data were analyzed by SPSS by one-way analysis of variance including least significant difference
and Duncan multiple comparisons, and graphs were generated with Graph Prism 8.
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plasmid-based expression of NgAgo in heterologous host BL21(DE3) cells caused linea-
rization (Fig. 1) and loss of its cognate expression plasmid (Fig. 2A, middle). We assume
that similar to observations that different sgRNAs generate different efficiencies of
DNA cleavage in the CRISPR/Cas9 system, the ssDNAs bound to NgAgo could also pos-
sess a different efficiency in plasmid cleavage. Therefore, in a spot assay, with thou-
sands of transformed cells in which each NgAgo protein presumably binds a different
guide DNA, the remnant colonies in the spot assay might reflect those resulting from
some of these less potent guide DNAs (Fig. 2A and C, middle). Nevertheless, our obser-
vation resolves the puzzle of why almost all pAgos, no matter their host source, are
expressed poorly in BL21(DE3) cells with commonly used expression vectors at 37°C.

Using cotransformation experiments, we discovered that NgAgo can similarly target
a second, cotransformed plasmid for elimination as measured by spot plating and plas-
mid recovery assays, presumably also by linearization (Fig. 2). Interestingly, not all
cotransformed plasmids tested were eliminated, and detailed analysis revealed that
the presence of a T7 promoter on the plasmid was necessary (Fig. 3) and that it had to
be active to initiate targeting (Fig. 4). This discovery suggests that RNA products from
the T7 promoter are a key component of the NgAgo for activation and/or target selec-
tion in this context.

Proposed discriminator for NgAgo in host DNA and foreign DNA selection. The
mechanism by which pAgos differentiate between host DNA and foreign DNA remains
unknown. A number of mechanisms have been proposed. The chromatin state of host
strain genomic DNA may confer protection from cleavage by MjAgo, likely by bacterial
chromatin proteins (11). Others have proposed that the AT/CG ratio is a marker for tar-
get selection (6), given that the heterologous sequence has lower GC content than
those genes from the host genome (29). In addition, gene copy number may be
another basis for pAgo target selection, since plasmid DNA usually possesses a higher
copy number than genomic DNA, and the higher frequency of transcription likely indu-
ces the local unwinding of DNA helix structure, which may serve as the single-strand
DNA structure for Argonaute protein targeting. Finally, a study of CbAgo (10) found
that it cooperated with bacterial recombination protein RecBCD, which participates in
the repair of double-strand breaks (DSBs) in bacterial cells, suggesting that the DNA
replication frequency and the presence of the Chi (crossover hot spot instigator) sites
is a possible mechanism for Argonaute recognition.

Although we have not discovered the exact reason why the transcripts driven by
the T7 promoter can activate NgAgo nuclease activity in the current study, the T7 pro-
moter, derived from T7 bacteriophage, has much stronger activity than the E. coli RNA
polymerases (30). Given that the pAgos may act as a defense system and that copy
number may be a determinant for Argonaute protein to distinguish self and non-self
elements, we assume this may be a reason that makes the T7-driven transcript a target
for Argonaute proteins.

NgAgo protected a heterologous host from bacteriophage infection. We also
demonstrate that NgAgo can function in antiphage defense in heterologous E. coli
BL21(DE3) host cells at 37°C (Fig. 6A and C). Transcripts driven by the promoter
within bacteriophage T7 likely can activate NgAgo to target the phage in a guide-de-
pendent manner, such that the expression of NgAgo protected heterologous host
BL21(DE3) cells from phage infection. This finding suggests that as an ancient
defense system, NgAgo can recapitulate this conserved function of Ago-mediated
nucleic acid interference in the heterologous E. coli host. The in vivo functional activ-
ity of NgAgo against plasmids and phages in E. coli may not require its own endonu-
clease activity, as the inactive mutants NgAgoDM showed a significant, albeit smaller,
effect compared to that of wild-type NgAgo on protection from T7 phage infection
(Fig. 6D). Similar results were also reported with CbAgo in antiphage experiments
(10). Indeed, many pAgos do not require cleavage of target DNA for their function,
since many contain natural substitutions in their active sites that likely abrogate their
endonuclease activity (9, 11, 14, 15). Nevertheless, future studies are warranted to
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more clearly elucidate the mechanisms responsible for pAgo in vivo activity in this
readily amenable E. coli model system.

The proposed mechanism for NgAgo function in vivo. Mounting evidence has
demonstrated that almost all pAgos isolated from either their homologous or heterol-
ogous host cells copurify with short single-stranded DNA or RNA (6, 9, 24), which sug-
gested that these short binding DNAs or RNAs must somehow be involved in pAgo in
vivo function. Swarts et al. proposed a random chopping model for pAgos to obtain these
short DNA or RNA fragments (15). This model well explains why pAgos always coexist
with short DNAs or RNAs. However, the majority of these pAgo-bound short single-
stranded DNAs or RNAs are mapped to plasmids or bacteriophage sequences, while
some of them are mapped to host genome (6, 24). Based on these observations, many
researchers have tried to program the pAgos to target plasmids or genomic loci by pro-
viding a short single-stranded DNA or RNA as the guide but without success. Possibly,
these nucleic acid-binding pAgos did not show any nuclease activity, as they need to be
activated by RNAs expressed by foreign invading DNA, such as the RNAs directed by the
T7 promoter. We assume that these RNAs have to be complementary with pAgo-binding
ssDNA or guide DNA. In the current study, our data indicates that these single-stranded
DNA- or RNA-bound pAgos do function in immune surveillance, with this additional acti-
vation step. Indeed, efficient cleavage activity requires a certain type of RNA, referred to
here as aRNA, to activate pAgos for guide-dependent targeting.

Based on our observations combined with the previously reported research, we
propose a novel mechanism by which pAgos defend their host cell against foreign
DNA invasion and bacteriophage infection (Fig. 7). Starting with guide-independent
nuclease activity/Argonaute chopping activity (15, 23), most substrates likely come
from low-efficiency/nonspecific cleavage of invading plasmids or bacteriophages. This
generates short fragments of foreign DNA that are loaded onto the pAgos. By an
unknown mechanism, pAgos then can release one strand of DNA while retaining the
other strand as guide DNA. We consider this chopping process the first step of the
defense mechanism. In this first step, pAgos not only eliminate invading or infected vi-
ral DNA before they launch propagation but also initiate immunization by loading

FIG 7 Proposed the mechanism by which pAgos function to defend host cells from foreign DNA or phage.
Foreign DNA is nonspecifically generated and used to form immunized forms of pAgos that can be
subsequently activated by foreign RNA to create guide specific targeting complexes.
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chopped small DNA from the foreign DNA onto pAgos. These immunized pAgos
(guide-loaded Argonaute proteins) then function to confer immune surveillance. A
mother cell might pass these DNA binding pAgos on to daughter cells. Whenever the
same plasmid or bacteriophage again invades or infects the cell harboring these sur-
veillance pAgos and launches replication, the aRNAs transcribed from these invading
DNAs activate pAgo nuclease activity, likely in a DNA-RNA complementary manner.
After nuclease activity is activated, the pAgos will target the invasive DNA with high ef-
ficiency in a guide-dependent manner, leading to complete elimination of invading
plasmid or bacteriophage DNA (Fig. 7).

In summary, we demonstrate that NgAgo-induced DNA interference requires cer-
tain types of RNA for activation to target plasmids and can protect the BL21(DE3) bac-
terial cells from bacteriophage T7 infection. We proposed an in vivo working mecha-
nism for pAgos that potentially can be used for genomics applications, particularly as
an instrument to study genome architecture and DNA processing in prokaryotic and
potentially eukaryotic systems.

MATERIALS ANDMETHODS
Strains and cultivation. The E. coli BL21(DE3) and DH5a strains were used for electroporation and

protein expression or vector construction, respectively, in this study. They were cultured in Luria-Bertani
broth with the addition of the appropriate antibiotics or IPTG at 37°C. The final concentration of kanamy-
cin was 50 mg/mL, ampicillin was 100 mg/mL, inducer L-arabinose (L8060; Solarbio, Beijing, China) was
10 mM, and inducer isopropyl b-D-thiogalactopyranoside (IPTG) was 0.5 mM for pET28a-based plasmid
induction and 0.2 mM for T7-NgAgo/EGFP integrated BL21(DE3) strain induction.

Plasmid construction. The NgAgo (GenBank accession no. AFZ73749.1) was synthesized by
ShineGene Molecular Biotech, Inc. (Shanghai, China), and cloned into pET28a.

The T7 promoter and fragments F1, F2, and F3 were amplified by PCR and inserted into the pUC57-
simple vector. The constructed plasmids were named pUC57-F1/F2/F3. The T7 promoter sequence in F1
fragment was deleted by overlap PCR using primers F1-HindIII-F/NheI-T7_P del-R and F1-XhoI-R/NheI-
T7_P del-F and replaced the F1 sequence in the pUC57-F1 plasmid. The constructed plasmid was named
pUC57-F1(DT7). The F1-inverted sequence was amplified with primers F1-XhoI-F/F1-HindIII-R and
replaced the F1 fragment in pUC57-F1, generating pUC57-F1(r).

The CAP binding site-PLac-LacO sequence was amplified from pUC57-simple plasmid using primers
BglII-CAP binding-F/XbaI-M13R-R and is referred to here as PLac. The Tac promoter sequence was ampli-
fied from plasmid pGEX4T1 using primers BglII-PTac-F/XbaI-PTac-R and is referred to here as PTac. The araC-
araBAD promoter sequence was amplified from pKD46 vector using primers BglII-araC-R/XbaI-pBAD-R
and is referred to here as pBAD. These different promoter sequences were cloned into pET28a-NgAgo
between BglII and XbaI, generating the pET28a-PLac/PTac/pBAD-NgAgo plasmids.

The 200-bp-length dapD gene sequence was amplified from BL21(DE3) genomic DNA (accession
number CP001509.3) using primers XhoI-dapD-F/HindIII-dapD-R and XhoI-T7-dapD-F/HindIII-dapD-R
and inserted into the pUC57-simple vector between XhoI and HindIII, generating pUC57-dapD and
pUC57-T7-dapD, respectively. The araC gene was amplified from pET28a plasmid using primers XhoI-
araC-F/HindIII-araC-R and cloned into pUC57-simple vector between XhoI and HindIII, generating
pUC57-araC.

Integration plasmids pB-LA-Kan-T7-NgAgo-RA and pB-LA-Kan-T7-EGFP-RA were constructed as fol-
lows. (i) Plasmids pET28a-NgAgo and pXL-BacII were digested with BglII and XhoI, and the T7-NgAgo
fragment was inserted into pXL-BacII, generating the pB-NgAgo plasmid. (ii) The T7 terminator sequence
was amplified from pET28a-NgAgo using primers T7-Term-F(XhoI)/T7-Term-F2(BglII-XhoI) and inserted
into pB-NgAgo between XhoI and HindIII, generating pB-NgAgo-term. (iii) The kanamycin gene
sequence was amplified from pET28a-NgAgo using primers Kan-F (NotI)/Kan-R(BamHI) and inserted into
pB-NgAgo-term, generating pB-Kan-NgAgo-term. (iv) Left arm (LA) and right arm (RA) sequences were
amplified from BL21(DE3) genomic DNA using primers LeftArm-F (BamHI)/LeftArm-R(NotI) and RighArm-
F(KpnI)/RightArm-R(HindIII-BamHI) and ligated with pB-Kan-NgAgo-term, generating pB-LA-Kan-NgAgo-
term-RA.

The EGFP gene sequence was amplified from pET32a-EGFP using primers NdeI-EGFP-F and XhoI-
EGFP-R and cloned into pB-LA-Kan-NgAgo-term-RA between NdeI and XhoI, generating pB-LA-Kan-
EGFP-term-RA.

The above-mentioned primers are listed in Table S2 in the supplemental material.
NgAgo mutant construction. Arginine 40 was replaced with cysteine in NgAgo to create NgAgo

(R40C) as described previously (25). Aspartic acids 663 and 738 were replaced with alanine to create
NgAgoDM (D663A, D738A). Primers are listed in Table S2.

Southern blotting. Southern blotting was performed using a probe corresponding to the kanamy-
cin gene, which was amplified by PCR, purified by agarose gel electrophoresis, sequenced, and labeled
by digoxin (Fig. S1). The experiment was performed by GenScript, Inc. (Nanjing, China).

Spot-plating assay. Expression vectors for NgAgo or empty pET28a plasmid were transformed into
E. coli, and 3 single colonies were picked from each plate and inoculated into LB liquid medium contain-
ing the corresponding antibiotics. Cells were grown in a shaking incubator at 37°C until the OD600
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approached 0.5 (;2.5 � 108 cells per mL). Cells were diluted to 1022, and then serial 100-fold dilutions
were made until 1026; 5 mL of each dilution was spotted on the LB plates supplemented with or without
antibiotics and inducers as designated for specific experiments and placed in a thermostatic incubator
for 24 h.

Protein expression. NgAgo protein samples were prepared using the same method described pre-
viously (25). Induction of expression from the T7 promoter, Lac promoter, or Tac promoter was induced
by adding IPTG (0.5 mM) at 37°C for 4 h. Protein expressed by pBAD promoter was induced by adding
arabinose (10 mM) at 37°C for 4 h.

Western blotting.Western blots were performed as described previously using His-tag primary anti-
body (66005-1-Ig; 1:10,000; Proteintech) and goat anti-mouse secondary antibody (CW0102S; 1:5,000;
CWBIO) (25).

BL21-pKD46 competent cell preparation. Bacteriophage lambda RED recombination proteins
encoded by plasmid pKD46 were introduced to enhance homologous sequence-directed recombination
into BL21(DE3). This created strains with integrated NgAgo and enhanced green fluorescent protein
expressed from the bacterial chromosome instead of a plasmid vector. The pKD46 plasmid was first
transformed into BL21(DE3), and a single colony picked from LB1Amp plate was inoculated into 2 mL
LB medium containing ampicillin at 30°C with overnight shaking. A volume of 2 mL of saturated cells
was added into 200 mL LB medium supplemented with ampicillin and arabinose for induction. Bacterial
cells were cultivated with shaking at 30°C for about 2 h until the OD600 reached 0.5. Cells were chilled on
ice for more than 20 min and then collected by refrigerated centrifugation at 6,000 � g for 15 min. The
cell pellet was washed with cold double-distilled water (ddH2O) once and with cold 10% (wt/vol) glyc-
erol twice and then resuspended with 2.5 mL cold 10% (wt/vol) glycerol and divided into small portions
with 100 mL per tube (1 � 108 cells/tube) and stored at 280°C for future transformation.

NgAgo/EGFP integrated BL21(DE3) strain construction and competent cell preparation. Integration
plasmid pB-LA-Kan-NgAgo-RA was digested with BamHI, and a 4,816-bp linear integration cassette was sep-
arated and purified by agarose gel electrophoresis. Integration plasmid pB-LA-Kan-EGFP-RA was digested
with EcoRI and HindIII, and a 1,854-bp linear integration cassette was similarly purified.

Linear integration cassettes were electroporated into BL21(DE3)-pKD46 competent cells and allowed
to recover in 1 mL LB medium supplemented with ampicillin and arabinose for 2 h at 30°C. Cells were
collected by centrifugation, plated on LB1Kan1IPTG plates, and grown in a thermostatic incubator
overnight. Colonies were picked for colony PCR to identify the integrated cells using primers genome-F
and genome-R (Table S2), and the positive products were sent for sequencing. Colonies with correctly
integrated cassettes were cultivated in 2 mL LB medium supplemented with kanamycin at 37°C over-
night. Glycerol was added to a final concentration of 30% (wt/vol), and samples were frozen at 280°C.

Frozen BL21::NgAgo cells were streaked on LB1Kan plates and single colonies inoculated into 2 mL
LB medium containing kanamycin at 37°C overnight. A volume of 2 mL of saturated cells was added into
200 mL LB medium supplemented with kanamycin. Bacterial cells were shaken at 37°C for about 2 h
until the OD600 reached 0.5. Cells were chilled on ice for at least 20 min and collected by centrifugation.
Cell pellets were washed with cold ddH2O once and cold 10% (wt/vol) glycerol twice, resuspended with
2.5 mL cold 10% (wt/vol) glycerol, divided into small portions with 100 mL per tube (1 � 108 cells/tube),
and stored at280°C.

Plasmid maintenance assay. pET32a, pUC57, and pUC57-araC were transformed into BL21::NgAgo
and BL21(DE3) to compare the effect of NgAgo expression on plasmid maintenance. A total of 3 colonies
in each transformation group were picked and inoculated into 2 mL LB1Amp1kan and LB1Amp me-
dium and cultivated at 37°C until the OD600 reached 0.5. The cell culture was supplemented with glycerol
to a final concentration of 25% (wt/vol) and then stored at 280°C overnight. The frozen cell culture was
thawed on ice and inoculated into liquid LB with the addition of IPTG (0.2 mM) and antibiotic corre-
sponding to the plasmids and bacterial strains and cultured for 12 h. Aliquots of BL21::NgAgo transfor-
mation cell culture were plated on LB1Kan and LB1Kan1Amp plates, BL21(DE3) transformation cell cul-
tures were plated on LB and LB1Amp plates, and this was termed passage 1 (P1). The plasmid-free cell
number was calculated as (1 2 [colony number on LB1Amp plates/colony number on LB plates]) �
100%. The cell culture was grown at 37°C and passaged the same as passage 1 every 12 h. P1, P2, and
P4/P7 were calculated and analyzed by SPSS.

T7 phage stock solution preparation. A single colony of BL21(DE3) cells was inoculated into 2 mL
LB liquid medium until the OD600 reached 0.5. Aliquots of frozen bacteriophage T7 (ATCC BAA-1025-B2)
were thawed on ice and added to cell cultures, which were grown until the suspension became trans-
parent. The cell culture was extracted with an equal volume of chloroform, and the mixture was centri-
fuged at 12,000 rpm at 4°C for 10 min after vortexing. The upper supernatant was transferred into a new
tube and kept at 4°C for no more than a week.

Analysis of bacteriophage T7 infection. NgAgo and NgAgo mutant expression vectors were trans-
formed into BL21(DE3) cells respectively, and a single colony from each group was inoculated into 2 mL
LB liquid medium for overnight culture. Vector-free BL21(DE3) was cultured as the control. A volume of
0.5 mL cell culture was inoculated into 10 mL fresh LB liquid medium and cultured until the OD600

reached 0.5. IPTG (0.5 mM) or arabinose (10 mM) was added to NgAgo and NgAgo mutant transforma-
tion groups, and cells were cultured for 2 h to allow protein expression. After 2 h, OD600 was measured,
and cells at an OD600 of 0.5 from each group was taken and mixed with 100 mL T7 phage stock and incu-
bated at 37°C for 30 min. The phage-infected cell culture was added into 5 mL 0.8% upper solid LB me-
dium, and the mixture was gently mixed well and was poured on the LB plates. Phage plaques were visi-
ble about 4 h postinfection when plates were incubated at 37°C.
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Bacteriophage T7 genomic DNA extraction and identification. T7 genomic DNA was extracted as
described previously: https://www.researchgate.net/post/What_is_the_best_method_for_the_isolation
_of_bacteriophage_DNA. A volume of 200 mL of T7 phage-infected cell culture was centrifuged to col-
lect the cell pellet. Cell pellet was resuspended with 20 mL SM buffer (100 mM NaCl, 25 mM Tris-HCl, pH
7.5, 8 mM MgSO4, 0.01% [wt/vol] gelatin), treated with 10 mL RNase A (5 mg/mL) and 10 mL DNase I
(10 mg/mL), and incubated at 37°C overnight. After incubation, 8 mL precipitant solution (33% polyeth-
ylene glycol 8000, 3.3 M NaCl) was added into the mixture and gently mixed well and stored at 280°C
for 1 h. The mixture was centrifuged at 12,000 rpm at 4°C for 45 min, and the supernatant was removed.
We resuspended the cell pellet with 5 mL SM buffer and centrifuged it at 12,000 rpm at 4°C for 5 min.
We collected and resuspended the cell pellet with 600 mL SM buffer in an Eppendorf tube, and two
equal volumes of phenol-chloroform-isoamyl alcohol (25:24:1) were added into the tube. The mixture
was thoroughly mixed and centrifuged at 12,000 rpm for 10 min. The upper aqueous layer was trans-
ferred into a new tube, and an equal volume of chloroform was added and mixed well and was centri-
fuged at 12,000 rpm at 4°C for 20 min. The upper aqueous layer was transferred into a new tube, 0.3 M
sodium acetate (pH 5.3) was added into the tube, and equal volume of isopropyl alcohol was added.
The tube was incubated at 280°C for 10 min after vortexing. The tube was centrifuged at 12,000 rpm at
4°C for 20 min and the supernatant was removed. A volume of 700 mL cold, 70% ethanol was added and
then centrifuged at 12,000 rpm at 4°C for 10 min. The dried pellet was dissolved in 50 mL TE buffer
(10 mM Tris-HCl and 1 mM EDTA, pH 8.0).

A volume of 100 ng genomic DNA was used as the template to perform PCR with primers T7p17-F/R
(listed in Table S2), the annealing temperature was 58°C, and the amplification product was 699 bp in
molecular size.
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