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LETTER TO THE EDITOR

Both prokaryotes and eukaryotes produce 
an immune response against plasmids 
with 5ʹ‑GTT​TGT​T‑3ʹ
Nan Li1†, Dongya Jiang1†, Luqingqing He1, Yunyun Yue2, Qinxin Zhang3, Shuang Wang1, Yunfeng Zhang1, 
Yuxuan Wei1 and Qingshun Zhao1*    

Abstract 

In the evolutionary “arms race” from prokaryotes to eukaryotes, some memories of foreign DNA have been conserved 
for defensive purposes. Shortly after invasion by the plasmid, pEGFP-N1, the conserved the defense gene, isg15, 
was activated in the zebrafish zygote and in mammalian cells. Based on the sequence similarity, we found three 
virus-derived sequences in pEGFP-N1 which share the 5ʹ-GTT​TGT​T-3ʹ core sequence, an epigenetic factor leading to 
increased expression of isg15. Mutation of the core sequence greatly reduces the degradation rate of the plasmid in 
E. coli cells or zebrafish embryos. We conclude that a conserved defense response, common to both eukaryotic and 
prokaryotic cells, allows identification and degradation of plasmids containing 5ʹ-GTT​TGT​T-3ʹ.
Keywords:  Eukaryotic cell, Prokaryotic cell, Innate immune memory, Defense response, Foreign plasmid, Core 
sequence, 5ʹ-GTT​TGT​T-3ʹ, ISG15, Transformation efficiency
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Bacteria and archaea have evolved at least three differ-
ent intracellular immune strategies to combat phage 
infection: restricted modification (RM), CRISPR and the 
prokaryotic Argonaute (pAgo) system [1]. The RM sys-
tem is an innate immune system designed to recognize 
modified foreign DNA sequences and is present in over 
90% of sequenced bacterial and archaeal genomes [2]. 
Eukaryotic innate immunity consists of a broad defense 
system, producing a rapid inflammatory response to most 
pathogens or to tissue damage [3]. Moreover, free DNA 
in the cytosol activates the antiviral immune response 
mediated by interferons. In the current study, we pose 

the question of whether a lasting "immune memory" is 
retained by host cells.

Injection of plasmid pEGFP‑N1 caused abnormally 
increased expression of immune response‑related 
genes in zebrafish zygotes
The zebrafish, Danio rerio, is a model animal widely 
used in biomedical research. The innate immune system 
can be detected at the zygote stage, while the adaptive 
immune system matures morphologically and function-
ally only 4–6 weeks after fertilization.

Transgenic zebrafish lines are often created by injec-
tion of the transgene construct in the form of a circu-
lar plasmid at the zygote stage. We aimed to investigate 
whether transcription of zygotic DNA would be changed 
in response to invasion by exogenous nucleic acids.

Microinjection of the plasmid, pEGFP-N1, into 
zebrafish zygotes was followed by transcriptome 
sequencing. RNA samples were collected from embryos 
at intervals of 1  h-post-fertilization (hpf), 6 hpf and 12 

Open Access

Cell & Bioscience

†Nan Li and Dongya Jiang contributed equally to this work; the first two 
authors should be regarded as joint First Authors

*Correspondence:  qingshun@nju.edu.cn

1 Model Animal Research Center, Medical School, Nanjing University, 
NanjingJiangsu 210061, China
Full list of author information is available at the end of the article

http://orcid.org/0000-0001-9536-4672
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s13578-022-00825-3&domain=pdf


Page 2 of 10Li et al. Cell & Bioscience           (2022) 12:87 

hpf. Bioinformatics analysis showed that the expression 
of genes related to the endogenous immune response 
and tumor necrosis factor-mediated signaling pathways, 
including isg15, foxo3b, phlda3, cdkn1a, zgc:136826 and 
si:dkey-204l11.1, were up-regulated (Fig.  1A, B) com-
pared with controls which were not injected at 6 hpf 
(Additional file  1: Fig. S1A–J). Moreover, expression 
of isg15 was significantly increased at the 8-cell stage 
compared with the non-injected group (Fig.  1D). These 
results demonstrate that the zygotic defensive gene, isg15, 
is activated in response to plasmid invasion and that the 
response was most obvious at 3 hpf (Fig. 1C; Additional 
file 1: Fig. S1A).

isg15 is an IFN-stimulated gene involved in the 
response to infection by viruses and/or microorganisms 

[4]. Type I interferon is a lymphokine with extensive 
properties of immune regulation and is mainly secreted 
by innate immune cells, especially macrophages. How-
ever, it is generally considered that zebrafish only begin 
to display primitive macrophages at 22 hpf [5]. In order 
to confirm whether the increased expression of isg15 is 
related to interferon, we tested the expression levle of 
IFN-related genes. Zebrafish has four IFN-related genes, 
ifnphi1 is the ortholog gene of mammalian type I inter-
feron. Interestingly, the expression of ifnphi1, ifnphi4, 
cgasa, sting1 and tnfa was significantly lower in pEGFP-
N1 injected group than in uninjected and Hank’s solution 
injected embryos. (Additional file 1: Fig. S1K, N-Q). And 
the expression level of ifnphi2, ifnphi3 was no significant 
differences among these groups (Additional file  1: Fig. 

Fig. 1  Expression of the zygotic gene, isg15, in zebrafish embryos after invasion by the plasmid, pEGFP-N1. A Heatmap to show normalized 
expression count differences of immune related genes from transcriptome sequencing at 6 hpf after injection of the foreign plasmid, pEGFP-N1, 
into 1-cell stage embryos. B Expression levels of six genes related to the apoptosis pathway, endogenous immune response and tumor necrosis 
factor-mediated pathway are up-regulated. C Up-regulation of isg15 expression in 6 hpf zebrafish embryos by qRT-PCR. D Expression of isg15 
in 8-cell stage and High stage embryos after plasmid injection compared with controls. 8 pg, 32 pg, 128 pg: the injected amount of plasmid 
pEGFP-N1. NC: un-injected zebrafish embryos
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S1L-M). Therefore, the up-regulation of isg15 may not be 
caused by type I interferon induction.

The core sequence, 5ʹ‑GTT​TGT​T‑3ʹ, is key 
to up‑regulation of isg15 on invasion of eukaryotic 
cells by foreign DNA
Knockout of target genes using CRISPR/Cas9 technology 
causes the “genetic compensation effect” when sequence 
similarity is present. Some target mRNAs contain pre-
mature stop codons (PTC) after indel mutations and 
these sequences can be used as epigenetic modifiers to 
change the H3K4me3 level of adaptive genes, leading to 
increased transcription [6].

The plasmid, pEGFP-N1, consists of two sections: the 
plasmid backbone and EGFP encoding sequence (Addi-
tional file  1: Fig. S2A). By injecting linear and circular 
forms of the plasmid sequence into zebrafish embryos, 
we have established that the up-regulation of isg15 is not 
related to plasmid structure (Additional file 1: Fig. S2B). 
BLASTN sequence comparison of the plasmid backbone 
and the entire gene sequence of isg15, including the 2 kbp 
promoter region, revealed three sequences within the 
pEGFP-N1 plasmid with sequence similarity to isg15 by 
Kablammo (http://​kabla​mmo.​wasmu​thlab.​org/) (Fig. 2A). 
These are the plasmid origin of replication, c-ori, present 
in most bacterial genomes; the CMV promoter, c-CMV, 
which derives from the herpes virus gene group and the 
HSV TK poly(A) signal, c-HSV, also from the herpes 
virus genome (Additional file 1: Fig. S2C). Sequences are 
shown in Additional file 1: Tables S1, S2.

As prokaryotic cells have evolved to form eukaryotic 
cells, phages and viruses have co-evolved to maintain 
the capacity for self-replication, generating an evolving 
host–pathogen relationship which we liken to an evo-
lutionary “arms race” [7]. Therefore, we speculate that 
anti-viral immune memories might still be present in the 
early developmental stages of eukaryotic cells. The deliv-
ery of plasmids or virus-derived nucleic acids to zebrafish 
fertilized eggs or mammalian cells thus may activate the 
immune memory. Three fragments of DNA containing 
a 7 bp element, 5ʹ-GTT​TGT​T-3ʹ, were injected into fer-
tilized zebrafish eggs and then the experiment repeated 
after mutation of the core sequence to 5ʹ-CAA​ACA​
A-3ʹ (Fig.  2B). The results showed that the three frag-
ments containing the sequence, 5ʹ-GTT​TGT​T-3ʹ, could 
activate the expression of isg15 but the mutant core 
sequence fragment, 5ʹ-CAA​ACA​A-3ʹ, had lost the abil-
ity to up-regulate isg15 (Fig. 2C). The same results were 
obtained when the experiments were repeated with a 
human embryonic kidney cell line (HEK 293T) and a 

human colon cancer cell line (HCT116) (Fig.  2D; Addi-
tional file  1: Fig. S2D). Thus, we conclude that the core 
DNA sequence, 5ʹ-GTT​TGT​T-3ʹ, plays an important role 
in stimulating the cell’s defense response.

What’s more, the expression level of other four genes 
have different response when c-CMV, c-HSV and c-ori 
injected into zebrafish embryos. Specifically, the expres-
sion level of phlda3 was significantly activated when 
c-CMV and c-ori invaded, but not responded to c-HSV 
(Additional file  1: Fig.  S3A). The expression level of 
zgc:136826 and foxo3b was significantly activated when 
c-HSV invaded, but not responded to c-CMV and c-ori 
(Additional file  1: Fig.  S3B, D). The expression level of 
si:dkey-204l11.1 was significantly activated when c-ori 
invaded, but not responded to c-CMV and c-HSV (Addi-
tional file  1: Fig.  S3C). These data show that the four 
genes have no response to all three DNA fragments with 
core sequence specifically.

In order to investigate whether an epigenetic mecha-
nism was involved, a 61 bp double-stranded c-CMV frag-
ment (ds c-CMV) and a c-CMV fragment with a mutant 
core sequence were injected into 1-cell stage zebrafish 
embryos for chromatin immunoprecipitation (ChIP) 
Assay. The results show a significantly higher level of 
H3K4me3 in the c-CMV-injected group compared with 
the mutant-injected group (Fig. 2E, F). Thus, DNA frag-
ments may have an epigenetic effect and alter histone 
methylation levels [8].

The foreign plasmid core sequence activates 
expression of isg15
The role of the core sequence in the eukaryotic host 
defense response was further investigated by individually 
mutating the three core sequences in the CMV promoter, 
HSV poly(A) and ori of pEGFP-N1 to 5ʹ-CAA​ACA​A-3ʹ 
(c-CMV mut, c-HSV mut, c-ori mut). A plasmid with 
all three sites simultaneously mutated was also gener-
ated (Amut) (Additional file  1: Fig. S4A). Each plasmid 
was injected into a 1-cell stage zebrafish zygote at the 
molar concentrations used previously. We observed that 
the response to foreign plasmids is significantly reduced 
when each individual core sequence is mutated and the 
reduction is more marked with the use of the three-
sequence mutant, Amut (Fig.  3C). In addition, both the 
packaging vector plasmid, pCMV-VSV-G, and pLVX-
IRES-ZsGreen1, which encodes the lentivirus and MuLV 
retrovirus envelope protein (Additional file  1: Fig. S4B, 
C), cause up-regulated expression of isg15, consistent 
with the results using pEGFP-N1 (Fig.  3A). When the 
core sequences were mutated, the response to the two 

http://kablammo.wasmuthlab.org/
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virus-related plasmids was also significantly reduced 
(Fig.  3B). These results demonstrate that plasmids con-
taining bacterial or viral sequences can stimulate an 
immune response in zebrafish zygotes.

And the core sequences on pEGFP-N1 were mutated 
and injected into zebrafish embryos, the expression of 
phlda3, zgc:136826, si:dkey-204l11.1 and foxo3b were 
reduced. These data indicated that the core sequence 
on plasmid plays a vital role in the response to foreign 

plasmids for eukaryotic cells (Additional file  1: Fig. 
S3E–H).

The transfection experiments using unmutated plas-
mids and plasmids with one or more core sequences 
mutated were repeated using the mammalian cells, 
HEK 293T and HCT116. Expression of isg15 was sig-
nificantly reduced when the core sequence was mutated 
(Fig. 3D).

Fig. 2  Plasmid pEGFP-N1 has core sequences regulating the expression of isg15. A BLASTN alignment of pEGFP-N1 plasmid and isg15 gene 
sequences (including 2 kbp promoter upstream of TSS) with Kablammo (http://​kabla​mmo.​wasmu​thlab.​org/). B Comparison of c-ori, c-CMV and 
c-HSV (DNAMAN) sequences showing a common 7 bp element, 5ʹ-GTT​TGT​T-3ʹ. C qRT-PCR results showing that the three mutated fragments of 
c-ori, c-CMV and c-HSV have weakened activation of isg15 expression in 3 hpf embryos compared with the unmutated fragments. D Responses 
of HEK 293T cells to transfection with the three DNA fragments and their corresponding mutated sequences. Cells’ responses were significantly 
weakened after the three sequence mutations. E, F Semi-quantitative PCR and qRT-PCR results showing that the methylation level of H3K4me3 in 
the isg15 promoter region was significantly increased. MW: DL5000 DNA Molecular Weight Marker

http://kablammo.wasmuthlab.org/
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Based on the results described above, we put forward the 
hypothesis that invading DNA can stimulate an intracellular 
immune response directly without the involvement of type 
I IFN which is not available due to the lack of macrophage 
differentiation. Experiments in which the plasmid sequence 
was modified have established that the core sequence, 
5ʹ-GTT​TGT​T-3ʹ, is vital in enabling expression of isg15 in 
response to pathogenic DNA. We believe that this response 
may constitute the immune memory for invading nucleic 
acid formed during the evolution of eukaryotic cells. 

Foreign plasmid containing the core sequence 
up‑regulates isg15 by enhancing the level 
of H3K4me3
The plasmids used in our experiments contain similar 
sequences to those in the isg15 sequence, including the 2 
kbp promoter, and such sequences play an important role 
in the up-regulation of isg15.

The ChIP assays were repeated following the injec-
tion of unmutated pEGFP-N1 or pEGFP-N1 with a 
core sequence mutation in c-CMV into 1-cell stage 

Fig. 3  The pEGFP-N1 backbone has sequences that can regulate the expression of isg15. A qRT-PCR results showing that pEGFP-N1, pCMV-VSV-G 
and pLVX-IRES-ZsGreen1 activate the expression of isg15 in 3 hpf embryos. B Mutation of core plasmid sequences reduces isg15 expression. C 
qRT-PCR results showing that mutation of core sequences of ori, CMV and HSV in pEGFP-N1 reduces activation of isg15 expression. D Mutation of 
the core sequence of pCMV-VSV-G and pLVX-IRES-ZsGreen1 weakens responses of HEK 293 T cells. E, F Semi-quantitative PCR and qRT-PCR results 
showing that the methylation level of H3K4me3 in the isg15 promoter region was significantly increased. MW: DL5000 DNA Molecular Weight 
Marker
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zebrafish embryos. Levels of H3K4me3 in the promoter 
of isg15 were significantly lower following injection of the 
mutated sequence (Fig. 3E, F). Western blots also showed 
that after 24  h transfection of HEK 293T cells with 
either the wild-type plasmid or the c-CMV mutant plas-
mid, levels of H3K4me3 were significantly lower for the 
mutated sequence (Additional file 1: Fig. S2E). However, 
we also tested the H3K4me3 levels of other four genes, 
foxo3b, zgc:136826, phlda3 and si:dkey-204l11.1. The 
results of semi-quantitative PCR showed that there were 
no significant changes in the H3K4me3 methylation lev-
els in the promoter regions of the other four genes (Addi-
tional file 1: Fig. S4A–D). Combined with the results of 
Additional file 1: Fig. S3, it indicates that there are other 
reasons for pEGFP-N1 to activate the expression of these 
four genes. Through the alignment, we found that these 
four genes still have other consensus sequences with 
pEGFP-N1, and these sequences may play an important 
role in it.

Macrophages autonomously phagocytose 
and degrade the invading foreign plasmids, which 
activates the defense response in eukaryotic 
organisms
The possibility arises that invasion of a multicellular 
organism by foreign plasmid DNA may stimulate a simi-
lar immune response. The zebrafish immune system is 
similar to that of mammals and in  vitro fertilization of 
zebrafish is easily manipulated [9]. Following injection of 
pEGFP-N1 into the central artery of zebrafish embryos 
at 36 hpf and inspection over 12–24  h-post-injection 
(hpi), it was observed that macrophages can swallow 
free plasmids in the circulatory system (Fig.  4E). Lev-
els of macrophage isg15 expression showed a trend of 
first increasing and then decreasing (Fig.  4B). However, 
mutation of the pEGFP-N1 sequence caused a signifi-
cant reduction in the macrophage response (Additional 
file 1: Fig. S5A–H). Embryos were collected after 12 hpi, 
cut into pieces with scissors to release macrophages in 
the circulatory system, centrifuged and DNA extracted 
from the precipitate. Q-PCR was used to quantify the 
pEGFP-N1 plasmid in the precipitated DNA fraction 
(Fig.  4A). No difference was detected in the kana site, 
which encodes kanamycin as a control. However, for the 
group injected with the mutated plasmids, the Ct value 
of c-CMV and c-HSV was significantly reduced. These 
results demonstrate that the mutated plasmid has a long 
half-life in the cell whereas the plasmid containing the 
core sequence will be degraded quickly (Fig. 4C, D).

The plasmid containing the core sequence causes 
the defense response, leading to rapid degradation 
in Escherichia coli
Mutant plasmids were constructed with a single core 
sequence (CM, HM, OM), a double mutant plasmid 
with simultaneous mutations of c-CMV and c-HSV and 
a plasmid with all three sites mutated (AM) (Additional 
file 1: Fig. S5A–C)5. In three different strains of compe-
tent E. coli cells, DH5α, FastT1 and BL21, the transfor-
mation efficiency of plasmids CM, HM and DM were 
significantly higher compared with the unmutated plas-
mids (Fig.  5A–C). The transformation efficiency of the 
OM plasmid was not significantly different from the 
unmutated plasmid (Additional file  1: Fig. S5K). These 
results indicate the presence of a host defense effect that 
depends on pEGFP-N1 containing the core sequence in 
E. coli cells.

Considering the E. coli DH5α strain as an example, 
100 pg, 10 pg and 1 pg of plasmid pEGFP-N1 were trans-
formed into the same volume of competent cells. For100 
pg plasmid there was a marked effect but for 10  pg or 
1 pg plasmid, too few transformed clones were produced, 
resulting in a large variation in transformation efficiency 
(Additional file 1: Fig. S5I, J).

Another plasmid, pXT7-myh9a, with a lower transfec-
tion efficiency was selected. The plasmid contained two 
core sequences, one in ori and the other in the myh9a 
coding sequence. The core sequences at these two sites 
were mutated according to the previous strategy and 
plasmids with an ori mutation, myh9a mutation or with 
both sites mutated were constructed (Additional file  1: 
Fig. S5L). Transformation efficiency was increased by 
1119% ((119.5–10.67)/10.67 = 11.19) when the core 
sequence in ori was mutated in the OM plasmid (Fig. 5D, 
E). By contrast, mutating the core sequence in myh9a 
derived from the zebrafish genome had no effect on the 
transformation efficiency of the plasmid. We conclude 
that the core sequence within ori is essential for resist-
ing plasmid invasion but core sequences within intrinsic 
coding regions have no impact on the defense response 
in cells.

The impact of plasmid size on the differences in trans-
formation efficiency of mutations in ori were investi-
gated. Plasmids containing the same mutations as DM 
and MM were constructed and the length of myh9a 
truncated to produce plasmids of different sizes: 3 kbp 
(3027 bp), 4 kbp (4103 bp), 6 kbp (6294 bp) and 8.8 kbp 
(8913  bp). We found that the number of transformed 
clones of the 3 kbp unmutated plasmid (224.5 ± 52.6) was 
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Fig. 4  Macrophages recognize the core sequence to allow swallowing and digestion of invading plasmids. A Microinjection of plasmids into 
the central artery of zebrafish embryos. B qRT-PCR results showing reduced expression of isg15 12 h-post-injection when the core sequences in 
pEGFP-N1 are mutated. C, D Q-PCR results indicating that pEGFP-N1 was digested more rapidly than all mutant forms of pEGFP-N1. E Confocal 
scanning image showing macrophages swallowing free DNA fragments in zebrafish
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not significantly higher than that of the mutant plasmid 
(193 ± 42.6). However, the number of transformed clones 
of the unmutated 4 kbp plasmid was 89.5 ± 11.5and 
increased significantly to 170.8 ± 37.1, with a growth rate 
of 90.9%, when ori was mutated. Moreover, the growth 
rate of the 6 kbp plasmid increased by 384% ((42.8–
8.8)/8.8) after mutation and that of the 8.8 kbp plasmid 

increased by 738% ((40.5–4.8)/4.8) (Fig. 5F). These results 
indicate that the core sequence improves transformation 
efficiency for large plasmids and also indicates the role 
that the core sequence plays in protecting cells from for-
eign plasmid invasion.

The sequence of 7 bases in the core sequence posi-
tion of ori in different sized plasmids was investigated 

Fig. 5  Core sequences protect prokaryotic cells from plasmid infection and mutation of the core sequences increases plasmid transformation 
efficiency. Transformation efficiencies of different mutant forms of pEGFP-N1 in E. coli DH5α (A), E. coli BL21 (B), and E. coli FastT1 (C). Transformation 
efficiencies of different mutant forms of pXT7-myh9a in E. coli DH5α (D) and E. coli FastT1 (E). F Transformation efficiencies of different sized forms 
of pXT7-myh9a with mutant core sequence in ori. When the core sequence in ori is mutated, the number of clones is reduced for the small size 
pXT7-myh9a but increased for the large plasmid. Sanger sequencing results showing that the ori sequence of pEGFP-N1 favors survival compared 
with the 5ʹ-GTT​TGT​T-3ʹ sequence (G), but the ori sequence of pXT7 my17 confers no survival advantage (H)
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by randomly annealing bases at seven core positions, 
putting the sequences into the pEGFP-N1 and pXT7-
myl7 plasmids before adding ampicillin for resistance 
screening. After 4  h, the plasmids were extracted for 
deep sequencing of ori. The results show that the core 
sequence, 5ʹ-GTT​TGT​T-3ʹ, accounted for 19.06% of 
the total of 371 sequences in pEGFP-N1 (Fig.  5G). 
However, for the pXT7-myl7 plasmid, 5ʹ-GTT​TGT​T-3ʹ 
only accounted for 2.24% of a total of 501 sequences 
and no influence was shown of the position of the 
core sequence (Fig. 5H). The above data shows that for 
larger plasmids, the core sequence 5ʹ-GTT​TGT​T-3ʹ is 
not conducive to the survival of the plasmid but may 
become the target of attack. Mechanisms involved in 
the host defense against the core sequence merit fur-
ther study.

Moreover, we have shown that the ds-CMV fragment 
with the core sequence was cleaved when delivered to 
the zebrafish zygote, indicating that the core sequence is 
recognized and attacked by the defense system of eukary-
otic cells. In addition, transcriptome sequencing analysis 
showed that the transcription level of E.coli DH5α trans-
formed by c-CMV or by the c-CMV mutant, pEGFP-N1, 
was altered. Thus, we suspect that the core sequence may 
stimulate a new unknown defense response (data not 
shown). Besides, we also found that the expression of 
GFP on the plasmid was affected when the core sequence 
was mutated. In HEK293T cells, compared with cells 
transfected with pEGFP-N1 (Additional file 1: Fig. S7A–
A’’’), photographed using the same parameters, it was 
found that HM (Additional file 1: Fig. S7C–C’’’) and OM 
(Additional file 1: Fig. S7D–D’’’) transfected cells had no 
GFP fluorescence, while DM (Additional file 1: Fig. S7E–
E’’’) and AM (Additional file 1: Fig. S7F–F’’’) transfected 
cells showed attenuation of the fluorescence intensity. 
But in E. coli, the mutation of the core sequence does not 
affect the yield of the plasmid (Additional file 1: Fig. S6K). 
This result indicates that the mutation of core sequence 
will induce different defense mechanisms and affect the 
activity of different elements in the plasmid in eukaryotic 
cells. Our findings merit further study to illuminate the 
mechanism responsible.

To summarize, core sequences present in the CMV 
promoter, HSV poly (A) signal and ori are central to the 
resistance of bacteria to infection by foreign plasmids 
or DNA fragments. Moreover, such mechanisms may 
be exploited to improve techniques of transformation 
efficiency for large plasmids.

Abbreviations
RM: Restricted modification; pAgo: The prokaryotic Argonaute system; 
H3K4me3: Tri-methylated lysine of histone H3; hpf: Hour-post-fertilization; PTC: 
Premature stop codons.

Supplementary Information
The online version contains supplementary material available at https://​doi.​
org/​10.​1186/​s13578-​022-​00825-3.

Additional file 1. 

Acknowledgements
We thank Dr. Xin Lou for useful discussion of the analysis results and provided 
the transgenic zebrafish line Tg(mpeg1:GAL4;UAS:nfsB-mCherry). The authors 
would like to express their gratitude to EditSprings (https://​www.​edits​prings.​
com/) for the expert linguistic services provided.

Author contributions
Conceptualization: NL, QZ. Methodology: NL, DJ, YY, LH, QZ, SW, YZ, YW. Fund-
ing acquisition: QZ. Project administration: QZ. Writing—original draft: NL, QZ. 
All authors read and approved the final manuscript.

Funding
This work was supported by the National Natural Science Foundation of China 
Grants 31970769.

Availability of data and materials
All data generated or analyzed during this study are included in this published 
article [and its Additional files]. Series record GSE165422 of transcriptome 
sequencing results is an open-source collaborative initiative available in the 
GEO repository (https://​www.​ncbi.​nlm.​nih.​gov/​geo/​info/​linki​ng.​html).

Declarations

Ethics approval and consent to participate
The breeding and experimental protocols involved in using zebrafish were 
approved by the IACUC of the Model Animal Research Center, Nanjing Univer-
sity. All methods were performed in accordance with the relevant guidelines 
and regulations.

Consent for publication
Consent for publication was obtained from the participants.

Competing interests
The authors declare that they have no competing financial interests. Author 
contribution Qingshun Zhao contributed to the conception of the study. Nan 
Li, Dongya Jiang, Yunyun Yue, Luqingqing He, Qinxin Zhang, Shuang Wang, 
Yunfeng Zhang and Yuxuan Wei performed the experiments. Qingshun Zhao 
and Nan Li wrote the paper.

Author details
1 Model Animal Research Center, Medical School, Nanjing University, Nanjin-
gJiangsu 210061, China. 2 School of Traditional Chinese Pharmacy, China Phar-
maceutical University, NanjingJiangsu 210009, China. 3 Department of Prenatal 
Diagnosis, Obstetrics and Gynecology Hospital, Affiliated to Nanjing Medical 
University, Nanjing Maternity and Child Health Care Hospital, Nanjing 210004, 
Jiangsu, China. 

Received: 26 May 2021   Accepted: 29 May 2022

References
	1.	 Gao L, Altae-Tran H, Bohning F, Makarova KS, Segel M, Schmid-Burgk JL, 

Koob J, Wolf YI, Koonin EV, Zhang F. Diverse enzymatic activities mediate 
antiviral immunity in prokaryotes. Science. 2020;369(6507):1077–84. 
https://​doi.​org/​10.​1126/​scien​ce.​aba03​72PMI​D3285​5333.

	2.	 Sashital DG. Prokaryotic argonaute uses an all-in-one mechanism to pro-
vide host defense. Mol Cell. 2017;65(6):957–8. https://​doi.​org/​10.​1016/j.​
molcel.​2017.​03.​002.

https://doi.org/10.1186/s13578-022-00825-3
https://doi.org/10.1186/s13578-022-00825-3
https://www.editsprings.com/
https://www.editsprings.com/
https://www.ncbi.nlm.nih.gov/geo/info/linking.html
https://doi.org/10.1126/science.aba0372PMID32855333
https://doi.org/10.1016/j.molcel.2017.03.002
https://doi.org/10.1016/j.molcel.2017.03.002


Page 10 of 10Li et al. Cell & Bioscience           (2022) 12:87 

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

	3.	 Kumar H, Kawai T, Akira S. Pathogen recognition by the innate immune 
system. Int Rev Immunol. 2011;30(1):16–34. https://​doi.​org/​10.​3109/​
08830​185.​2010.​529976.

	4.	 Perng YC, Lenschow DJ. ISG15 in antiviral immunity and beyond. Nat Rev 
Microbiol. 2018;16(7):423–39. https://​doi.​org/​10.​1038/​s41579-​018-​0020-5.

	5.	 Langevin C, Aleksejeva E, Houel A, Briolat V, Torhy C, Lunazzi A, Levraud JP, 
Boudinot P. FTR83, a member of the large fish-specific finTRIM family, trig-
gers IFN pathway and counters viral infection. Front Immunol. 2017;8:617. 
https://​doi.​org/​10.​3389/​fimmu.​2017.​00617.

	6.	 El-Brolosy MA, Kontarakis Z, Rossi A, Kuenne C, Gunther S, Fukuda N, Kikhi 
K, Boezio GLM, Takacs CM, Lai SL, et al. Genetic compensation triggered 
by mutant mRNA degradation. Nature. 2019;568(7751):193–7. https://​doi.​
org/​10.​1038/​s41586-​019-​1064-z.

	7.	 tenOever BR. The evolution of antiviral defense systems. Cell Host 
Microbe. 2016;19(2):142–9. https://​doi.​org/​10.​1016/j.​chom.​2016.​01.​006.

	8.	 Lund PJ, Lehman SM, Garcia BA. Quantitative analysis of global 
protein lysine methylation by mass spectrometry. Methods Enzymol. 
2019;626:475–98. https://​doi.​org/​10.​1016/​bs.​mie.​2019.​07.​036.

	9.	 Ouyang G, Liao Q, Zhang D, Rong F, Cai X, Fan S, Zhu J, Wang J, Liu X, Liu 
X, et al. Zebrafish NF-kappaB/p65 is required for antiviral responses. J 
Immunol. 2020;204(11):3019–29. https://​doi.​org/​10.​4049/​jimmu​nol.​19003​
09.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

https://doi.org/10.3109/08830185.2010.529976
https://doi.org/10.3109/08830185.2010.529976
https://doi.org/10.1038/s41579-018-0020-5
https://doi.org/10.3389/fimmu.2017.00617
https://doi.org/10.1038/s41586-019-1064-z
https://doi.org/10.1038/s41586-019-1064-z
https://doi.org/10.1016/j.chom.2016.01.006
https://doi.org/10.1016/bs.mie.2019.07.036
https://doi.org/10.4049/jimmunol.1900309
https://doi.org/10.4049/jimmunol.1900309

	Both prokaryotes and eukaryotes produce an immune response against plasmids with 5ʹ-GTT​TGT​T-3ʹ
	Abstract 
	Injection of plasmid pEGFP-N1 caused abnormally increased expression of immune response-related genes in zebrafish zygotes
	The core sequence, 5ʹ-GTT​TGT​T-3ʹ, is key to up-regulation of isg15 on invasion of eukaryotic cells by foreign DNA
	The foreign plasmid core sequence activates expression of isg15
	Foreign plasmid containing the core sequence up-regulates isg15 by enhancing the level of H3K4me3
	Macrophages autonomously phagocytose and degrade the invading foreign plasmids, which activates the defense response in eukaryotic organisms
	The plasmid containing the core sequence causes the defense response, leading to rapid degradation in Escherichia coli
	Acknowledgements
	References




