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Abstract
RNA interference is a powerful experimental tool for RNA knockdown, but not all organisms are amenable. Here,
we provide a proof of principle demonstration that a type III Csm effector complex can be used for programma-
ble mRNA transcript degradation in eukaryotes. In zebrafish, Streptococcus thermophilus Csm complex (StCsm)
proved effective for knockdown of maternally expressed EGFP in germ cells of Tg(ddx4:ddx4-EGFP) fish. It also
led to significant, albeit less drastic, fluorescence reduction at one day postfertilization in Tg(myl7:GFP) and
Tg(fli1:EGFP) fish that express EGFP zygotically. StCsm targeted against the endogenous tdgf1 elicited the char-
acteristic one-eyed phenotype with greater than 50% penetrance, and hence with similar efficiency to
morpholino-mediated knockdown. We conclude that Csm-mediated knockdown is very efficient for maternal
transcripts and can also be used for mixed maternal/early zygotic and early zygotic transcripts, in some cases
reaching comparable efficiency to morpholino-based knockdown without significant off-target effects.

Introduction
Chronic knockout and acute knockdown of genes often

lead to drastically different phenotypes, in ways that

are only partly explained by technical limitations.1,2

Therefore, knockdown experiments remain interesting

even in the era of facile DNA knockout generation

using CRISPR-Cas9.

In many experimental animal models, systemic3 or

cell-autonomous4 RNA knockdown can be achieved by

exploiting endogenous RNA inference pathways, but

there are important exceptions, zebrafish among them. In

zebrafish embryos, endoribonuclease-prepared short inter-

fering RNA reportedly leads to nonspecific developmental

defects,5 presumably due to overload of the endogenous

interference pathways. More encouraging results have

been obtained using either short interfering RNA5 or

short hairpin RNA,6 but neither method has gained wide-

spread acceptance in the zebrafish community.

Morpholino-mediated knockdown is the leading tech-

nology for RNA silencing in zebrafish.7–9 The method is

well established, but some limitations exist. Morpholinos

only bind to RNA; but they do not cleave it. Therefore,

only translation initiation and splice sites may be tar-

geted, which is not always uniquely possible. Moreover,

many maternal RNAs are already spliced and therefore

very difficult to target. Morpholinos have a low ‘‘useful’’

range of concentrations. At lower concentrations, si-

lencing is frequently incomplete,10 while at higher con-

centrations, off-target effects are common and have to

be carefully controlled.1,11 Recently, dCas9-mediated

transcriptional inhibition12 has been tested in zebrafish

as an alternative to morpholinos, but success has only

been demonstrated in a single case using relatively

early embryos.13 For maternal transcripts, morpholino-

based knockdown is problematic, and transcription sup-

pression can altogether not be used.

Prokaryotic Argonaute proteins (Agos) provide an

attractive, RNA degradation–based strategy for program-

mable, targeted knockdown. The approach becomes

possible because some prokaryotic Agos, such as the
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Marinitoga piezophila Ago, differ in their guide nucleic

acid requirements from endogenous Agos.14 Natronobacte-

rium gregoryi Ago (NgAgo)—now considered as a DNA-

guided, RNA-directed endonuclease15—is to our knowl-

edge the only heterologous Ago that has been tested as a

knockdown tool for zebrafish. In principle, NgAgo should

make it possible to target maternal transcript as well or bet-

ter than zygotic transcripts. However, to our knowledge,

only knockdown of one early zygotic gene (fabp11a) has

been tested, leading to eye development defects.15

RNA-directed CRISPR nucleases such as the class1

(multiple subunits) enzymes of the Csm (type III-A)16,17

and Cmr (type III-B)18,19 or class 2 (single subunit) effec-

tors such as Cas13a (C2c2, type VI-A),20–22 Cas13b (type

VI-B),23 and Cas13d (type VI-D)24 or Cas9 (type II) redir-

ected to RNA using PAMmers25 could potentially be used

for programmable RNA degradation. For Cas13 proteins,

RNA knockdown in cells,26,27 plants,28 and animals, in-

cluding zebrafish,29 has already been demonstrated. In

this work, we have tested this concept using zebrafish as

the animal model and type III-A Csm complexes as the

programmable CRISPR RNA endoribonucleases.

The Csm proteins bound to CRISPR RNAs (crRNAs)

form multisubunit protein–RNA complexes.30 Initial ge-

netic data suggested that these complexes act as RNA-

guided DNA endonucleases.31 However, subsequent

in vitro studies indicated that the Csm complexes had

RNA-guided, RNA-directed endoribonuclease activities

cleaving substrate RNAs at multiple, regularly spaced

sites.16,17,32 The apparent inconsistency between in vivo

and in vitro data was resolved by the demonstration

that the Csm complexes have transcription-dependent de-

oxyribonuclease (DNase) activity.33 Csm complexes find

their targets by hybridization of the guide crRNA with

the nascent RNA from transcription.34 They carry out

co-transcriptional DNA and RNA cleavage during the ex-

pression phase of bacterial immunity, thus cleaving DNA

and eliminating RNA of the invader.32,34,35

Active sites responsible for the DNase and ribonucle-

ase (RNase) activities are distinct and located in different

subunits of the Csm complex. The Cas10 subunit harbors

an HD domain,36 which ensures the DNase activity of the

Csm complex.37 Csm3 subunits, present in multiple copies

and forming a crRNA binding filament structure, harbor

the RNase activities of the Csm complex.17 Consistent

with this assignment, the Cas10 D16A and Csm3 D33A

mutations (Streptococcus thermophilus numbering) spe-

cifically abolish ssDNase and RNase activities of the com-

plex, respectively.17,34,35 Csm complexes can so far only

be assembled in bacterial cells. In the natural hosts, precur-

sor crRNAs (pre-crRNAs) are expressed from CRISPR re-

gions that are subjected to two cleavage events: primary

processing by endoribonucleolytic cleavage of Cas6 to

produce a *70 nt intermediate and further maturation dur-

ing which non-Cas nucleases trim the 3¢-end of the inter-

mediates to generate matured *40nt crRNAs.38,39 The

crRNA maturation and the loading on Csm complexes

also occur in heterologous hosts carrying the Cas/Csm op-

eron and associated CRISPR region.17

For our knockdown experiments, we initially used

zebrafish lines expressing enhanced green fluorescent

protein (EGFP) from various promoters in different tis-

sues and at different stages of development. The Tg(ddx4:

ddx4-EGFP),40 Tg(Xla.Eef1a1:mlsEGFP),41 Tg(nkx2.5:

EGFP),42 Tg(myl7:GFP),43 and Tg(fli1:EGFP)44 test

cases were chosen to include cases of maternal RNA de-

position without zygotic expression, maternal and zygotic

expression, and zygotic expression only. In all cases, the

EGFP transgenes were expressed from transposon inser-

tion sites, always in the background of the endogenous

genes (Fig. 1A).

Further, we tested knockdown efficiency on the endog-

enous target teratocarcinoma-derived growth factor 1

(tdgf1), previously known as one-eyed pinhead. The

gene is maternally and zygotically expressed45 and

zygotically required for the formation of ventral neuroec-

toderm, endoderm, and the prechordal plate.46 Because of

the very clear knockdown phenotype characterized by de-

fects in eye and somite development, the gene was previ-

ously used as a test case to monitor the efficacy of

knockdown.8 In addition to the cyclopic phenotype,

loss of tdgf1 also leads to heart defects and edema.47

Materials and Methods
Cas/Csm proteins were co-expressed from a synthetic

CRISPR array containing four spacers, and StCsm(EGFP)

and StCsm(tdgf1) complexes were purified essentially as

previously described.17

EGFP and tdgf1 knockdown experiments were

done with a doses of 0.5 ng StCsm(EGFP) and 1.5 ng

StCsm(tdgf1), respectively. For detailed methods, see

the Supplementary Methods.

All sequencing data have been deposited in the

Gene Expression Omnibus database (accession number

GSE146852). Expression plasmids for synthetic CRISPR

arrays and Csm subunits will be available from Addgene

(see plasmid list in Supplementary Table S1).

Results
Study design
For the zebrafish RNA knockdown experiments, we chose

the well characterized type III-A CRISPR-Cas effector

Csm complex from S. thermophilus (StCsm)17,34,39,48 as

our model type III CRISPR endonuclease. The Cas/Csm
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FIG. 1. Experimental design and in vitro tool validation. (A) Onset of transcription of transcripts targeted in this
study. The Tg(ddx4:ddx4-EGFP fish express the transgene strictly maternally, there is no zygotic expression for at
least 50 hours postfertilization (hpf).40 In germ cells, the mRNA is exempt from the otherwise widespread RNA
degradation at the mid-blastula transition.55 The Tg(Xla.Eef1a1:mlsEGFP) fish express EGFP with an N-terminal
mitochondrial localization signal derived from subunit VIII of cytochrome oxidase under the control of the
constitutive elongation factor 1a (EF-1a).41 Expression is both maternal and zygotic. The Tg(nkx2.5:EGFP),
Tg(myl7:GFP) and Tg(fli1:EGFP) express the transgene zygotically. The Tg(nkx2.5:EGFP) fish first exhibit fluorescence in
the ventral margin of the embryo at the onset of gastrulation (*5.5 hpf). By 2 days postfertilization (dpf), EGFP
expression is limited to the heart.42 Tg(myl7:GFP) expression becomes detectable at *16 hpf in myocardial cells of
the heart and persists for the lifetime of the animal.43 The Tg(fli1:EGFP) fish start to express EGFP from the three-
somite stage (*10 hpf). At 1 dpf, trunk and segmental vessels and cells of erythroid morphology are fluorescently
labelled, and at 2 dpf, there is also fluorescence in the neural crest derived aortic arches and the developing jaw.44

Endogenous tdgf1 is both maternally and zygotically expressed.45 (B) Experimental workflow. Cas/Csm proteins
were co-expressed with a synthetic CRISPR array harboring four identical spacers (to produce only one type of
StCsm complex), or four different spacers (to produce mixtures of StCsm complexes). Targeting and control StCsm
complexes were purified as intact ribonucleoproteins from Escherichia coli extracts. Injections were done into the
yolk of 1-cell stage embryos, and EGFP fluorescence, or phenotype was then monitored at later time points (1 dpf,
2 dpf, 5 dpf). (C) Location of the single site in the EGFP transcripts and of the four sites chosen for targeting in
tdgf1 by our method. The names for tdgf1 target sites and spacers (‘‘181’’, ‘‘174’’, ‘‘176’’, ‘‘154’’) reflect our internal
site scores. (D) Quantification of radioactively labeled target EGFP RNA after 1 h of in vitro incubation with different
StCsm complexes. A low amount of leftover EGFP RNA indicates a high targeting efficiency.
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proteins coding genes were co-expressed with a synthetic

CRISPR array (Fig. 1B), which contained either four

identical copies of a spacer (to make one type of complex

only) or four different spacers (to make a mixture of dif-

ferent complexes). For the EGFP targeting experiments,

the targeted region was chosen arbitrarily in the coding re-

gion, and a CRISPR array with only one type of spacer

was used. For the tdgf1 knockdown experiments, four tar-

geting sites were chosen. As our method targets mRNAs

in the cytoplasm that are expected to be spliced already,

targeting regions had to be placed in exons. We focused

on coding regions and gave preference to regions with

balanced GC-content regions with low probability for sec-

ondary structure formation, avoiding known polymor-

phisms, and avoiding regions that are similar to regions

elsewhere in the genome (to minimize off-target effects).

Two types of CRISPR arrays were prepared, one with

only a single type of spacer (termed ‘‘167’’), and another

one with four different spacers (termed ‘‘154,’’ ‘‘167,’’

‘‘174,’’ and ‘‘181’’) (Fig. 1C).

The Cas/Csm proteins together with synthetic CRISPR

arrays were co-expressed and assembled into StCsm

complex in heterologous Escherichia coli host. The intact

ribonucleoprotein particles were then pulled down from

the E. coli extracts using a tagged Csm2 subunit as a

bait by subsequent Strep-chelating affinity and size ex-

clusion chromatography. Purified StCsm complexes

were injected into the yolk of one-cell stage zebrafish em-

bryos. Apart from wildtype (wt) StCsm complexes, we

used complexes containing the DNase-deficient Cas10

D16A variant (henceforth termed defective DNase or

dDNase StCsm) or the RNase-deficient Csm3 D33A var-

iant (henceforth termed defective RNase or dRNase

StCsm). For EGFP transcript knockdown we also used

StCsm(avGFP) which contains imperfectly complemen-

tary crRNA, and StCsm(S3) which contains a completely

unrelated crRNA guide17 (Supplementary Table S2).

For the EGFP target, we then monitored EGFP fluores-

cence until 5 days postfertilization (5 dpf) and quantified

this fluorescence by fluorescence-activated cell sorting

(FACS) at 1 dpf and 2 dpf. For the tdgf1 target, pheno-

types were scored at 1 dpf (Fig. 1C).

Validation of the RNase and DNase activities
of StCsm complexes
Prior to their use in animals, the composition and activities

of StCsm complexes were tested. For wt and mutant

StCsm(EGFP) complexes, Coomassie staining demon-

strated a good purity and a protein subunit composition

compatible with the previous results17 (Supplementary

Fig. S1A). SYBR Gold staining showed that the all

StCsm complexes contained a mixture of crRNAs (Supple-

mentary Fig. S1B) which resulted after partly processing

of pre-crRNA by E. coli host enzymes as described ear-

lier.17,39 A 72-nt long crRNA raised from processing of

the pre-crRNA, and 40-nt long crRNA raised from fur-

ther trimming at the final maturation stage of crRNA.

Further, RNase activity of StCsm complexes was mon-

itored at 28�C, the temperature used for the zebrafish ex-

periments. Time courses were recorded, and the amount

of RNA target after fixed interval of incubation was quan-

tified. The results confirm the on-target RNase activity of

wt StCsm and dDNase StCsm, but not of dRNase StCsm,

when a fully target-complementary crRNA guide is used.

The results also demonstrate that even a few mismatches

(here avGFP versus EGFP) suffice to drastically reduce

the RNase activity, to levels not much higher than ob-

served with a completely unrelated crRNA guide

(Fig. 1D and Supplementary Fig. S2A and B). DNA hy-

drolysis experiments confirmed that purified wt and

dRNase StCsm complexes were also effective for cleav-

ing single stranded DNA in the presence of target RNA

(Supplementary Figs. S2C and S2D). However, since

StCsm complexes were only targeted to the cytoplasm

and not the nucleus in our experiment, the DNase activity

was not expected to be relevant for in vivo efficacy.

In vitro testing results for StCsm(tdgf1) complexes

were analogous to those for StCsm(EGFP) (Supplemen-

tary Fig. S3).

Knockdown of the maternal EGFP
in Tg(ddx4:ddx4-EGFP)
The endogenous ddx4(vasa) gene and EGFP in the

Tg(ddx4:ddx4-EGFP) transgenic line are maternally

expressed.49 Literature reports indicate that embryonic

transcription sets in at the gastrulation stage for the en-

dogenous transcript, and even later for the EGFP trans-

gene.40,50 In our hands, offspring from Tg(ddx4:ddx4-

EGFP) positive fathers and wt mothers remained nonflu-

orescent for the first five days after fertilization (monitor-

ing was ended at this time because of legal restrictions),

confirming the EGFP expression as strictly maternal

(Supplementary Fig. S4), and therefore a relatively

‘‘easy’’ target for StCsm(EGFP)-controlled RNA knock-

down.

In preliminary experiments, we tested potential toxic-

ity and efficacy of StCsm injections for various injection

volumes and complex concentrations. To limit mechani-

cal damage to the embryos, injections were made to the

yolk, and not the embryo proper. Injection volumes of 1

nL and below were well tolerated, up to an StCsm(EGFP)

concentration of 2.5 mg/mL (the highest concentration

that we could test with our StCsm complex master stocks)

(Supplementary Fig. S5A). Further effects showed that
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injections of 1 nL of 0.5 mg/mL StCsm(EGFP) complex

were sufficient for knockdown (Supplementary Fig. S5B).

In the following, we describe only the injection experi-

ments with this dose.

The use of 0.5 ng StCsm(EGFP) crRNA did not reduce

EGFP fluorescence in the early stages of development

(3 hours postfertilization [hpf]), presumably due to mater-

nally deposited protein. By 1 dpf, similar weak back-

ground (primarily in the brain) was seen in both injected

embryos and noninjected controls, but there was a clear

difference in germ cells. Fluorescence was strong in

germ cells of control embryos, but almost completely

extinguished in germ cells of StCsm(EGFP) injected em-

bryos. The loss of fluorescence in germ cells (compared

with control) persisted during the entire observation period

ending at 5 dpf (Fig. 2). Knockdown was dependent on the

StCsm(EGFP) RNase, but not on DNase activity. The

DNase-deficient mutant dDNase StCsm(EGFP) extin-

guished fluorescence at 1 dpf like the wt complex, whereas

the RNase-deficient StCsm(EGFP) failed to do so. Poor or

absent complementarity of the crRNA to its target also

abolished the knockdown. Both StCsm(avGFP) and

StCsm(S3) did not reduce EGFP germ cell fluorescence

(Fig. 2).

To make the above observations quantitative, we

minced and trypsinized embryos from the mating of a sin-

gle pair of fish and subjected the resulting pool of cells

(and aggregates of cells) to FACS. In order to avoid the

influence of background fluorescence, only highly fluo-

rescent cells (50-fold higher fluorescence than mean)

were counted. Almost all of these cells exhibited strong

side scatter that would only be expected from large

cells such as primordial germ cells,51 confirming that

germ cells were indeed gated. At 1 dpf and 2 dpf, high-

EGFP cells were 20-fold and 6-fold less frequent respec-

tively in both wt and dDNase StCsm(EGFP)-injected fish

than in controls. Fluorescence counts were not altered

when the dRNase StCsm(EGFP), the wt StCsm(avGFP)

complex with imperfectly complementary crRNA, or the

StCsm(S3) complex with target-unrelated crRNA were

used (Fig. 3A).

Knockdown of the maternal-zygotic
EGFP in Tg(Xla.Eef1a1:mlsEGFP)
Embryos from Tg(Xla.Eef1a1:mlsEGFP) show green fluo-

rescence in mitochondria already in oocytes, and through-

out the life of the fish. In crosses between wt ABTL fish

and Tg(Xla.Eef1a1:mlsEGFP) fish, fluorescence is ob-

served throughout embryonic development when the

mother carries the Tg(Xla.Eef1a1:mlsEGFP) transgene,

indicating maternal and then zygotic expression,

whereas fluorescence is observed only after the midblas-

tula transition in the reciprocal cross (Supplementary

Fig. S6A). For knockdown experiments, we used the

same concentrations of StCsm(EGFP) and variants as

in the Tg(ddx4:ddx4-EGFP) experiment. The lines

were analyzed by fluorescence microscopy and FACS

analysis of digested embryos at 1 dpf, and in the case

of the Tg(Xla.Eef1a1:mlsEGFP) incross, also at 2 dpf.

As green fluorescence is present throughput the embryo

and not concentrated in a particular cell type, we quantified

mean fluorescence, instead of the number of highly fluo-

rescent cells as for the Tg(ddx4:ddx4-EGFP) fish.

When we used fish from Tg(Xla.Eef1a1:mlsEGFP) fa-

thers and wt mothers, knockdown efficiency using wt

StCsm(EGFP) was quite good. The knockdown effi-

ciency was insignificantly lower with the dDNase variant,

arguing for a possible contribution of DNA cleavage, per-

haps during the frequent M-phases, in the observed re-

duction of fluorescence. However, the dRNase variant,

which has only DNase activity, was completely ineffec-

tive, suggesting that the reduction of fluorescence was

not due StCsm(EGFP) DNase activity (Supplementary

Fig. S6B). In the reciprocal cross, StCsm(EGFP) injec-

tion reduces fluorescence to a much lesser extent, either

because maternal RNA overwhelms StCsm(EGFP) ca-

pacity, or more likely, because fluorescence of maternally

deposited EGFP protein is not affected by the knockdown

(Supplementary Fig. S6B). A similarly low knockdown

efficiency was also observed when the StCsm(EGFP)

was pitched against maternally deposited RNA and

zygotically expressed RNA in embryos from crosses of

Tg(Xla.Eef1a1:mlsEGFP) parents (Fig. 3B).

Knockdown of the zygotic Tg(myl7:GFP)
and Tg(fli1:EGFP), but not Tg(nkx2.5:EGFP)
To confirm that StCsm(EGFP) could also be used for

knockdown of zygotically expressed mRNAs, we tested

knockdown of EGFP transcripts from other promoters.

Consistent with predominantly zygotic promoter activ-

ity, heterozygotic Tg(nkx2.5:EGFP), Tg(myl7:GFP) or

Tg(fli1:EGFP) fish carrying a maternally or paternally

inherited transgene exhibited similar fluorescence at all

tested times (4 hpf, 1 dpf, 2 dpf, and 5 dpf). As before,

the amount of StCsm(EGFP) for injections was not opti-

mized anew, and the same concentration as for the

Tg(ddx4:ddx4-EGFP) experiments was used throughout.

All lines were analyzed by fluorescence microscopy and

FACS analysis of digested embryos at 1 dpf and 2 dpf.

The Tg(nkx2.5:EGFP) and Tg(myl7:GFP) fish exhibit

fluorescence in the heart. We quantified knockdown effi-

ciency as for the Tg(ddx4:ddx4-EGFP) line by counting

the number of highly fluorescent cells (50-fold more fluo-

rescent than background). A knockdown of 30%–40%

TYPE III CRISPR RNA KNOCKDOWN IN ZEBRAFISH 303



was detected in the Tg(nkx2.5:EGFP) fish upon

StCsm(EGFP) injection by FACS (Fig. 3C), which was

not detectable by imaging. A stronger, 4-fold fluores-

cence reduction could be achieved in the Tg(myl7:GFP)

line at 1 dpf (Fig. 3D and Supplementary Fig. S7). Con-

trols with the dDNase and dRNase StCsm(EGFP) vari-

ants showed that the reduction of fluorescence was

almost exclusively due to the RNase activity of the

StCsm(EGFP) complex in both cases. At 2 dpf, the effect

of knockdown had essentially faded away.

FIG. 2. Microscopy of StCsm mediated EGFP knockdown in Tg(ddx4:ddx4-EGFP) fish. Fluorescence from
Tg(ddx4:ddx4-EGFP) fish after injection with wildtype (wt) or mutant StCsm complexes are shown. The arrows
indicate the location of primordial germ cells. Injection was done at the 1-cell embryo stage, observations were at 3
hpf, 1 dpf, 2 dpf, and 5 dpf. The scale bar represents 1 mm. Boxes in the top row show the region of the embryo
magnified in panels below. Arrows point to germ cells.
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FIG. 3. Quantification of EGFP knockdown efficiency by fluorescence-activated cell sorting analysis. Enhanced
green fluorescent protein fluorescence in (A) Tg(ddx4:ddx4-EGFP), (B) Tg(Xla.Eef1a1:mlsEGFP), (C) Tg(nkx2.5:EGFP), (D)
Tg(myl7:GFP) and (E) Tg(fli1:EGFP) fish was quantified 1 dpf and 2 dpf by flow cytometry of minced and trypsinized
embryos. For Tg(ddx4:ddx4-EGFP), Tg(nkx2.5:EGFP) and Tg(myl7:GFP) embryos, the number of highly fluorescent cells
(at least 50-fold background fluorescence) was counted. Results are from 3 independent experiments; error bars
represent one standard deviation. *P < 0.05 as compared with respective controls, ***P < 0.001 as compared with
respective controls. Data are represented as mean – SEM.
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The Tg(fli1:EGFP) fish exhibit fluorescent vasculature

throughout the embryo. Therefore, we quantified knock-

down efficacy by mean fluorescence in this case. At 1 dpf,

more than 50% knockdown was achieved using the wt

StCsm(EGFP) complex. The reduction of EGFP fluores-

cence was slightly lower with the dDNase variant, raising

the possibility that the DNase activity of the StCsm com-

plex may have contributed the reduction of fluorescence.

However, the RNase-deficient version of the complex

was ineffective, demonstrating that the RNase activity

is vital for StCsm-generated knockdown. At 2 dpf,

knockdown effects were reduced to statistically insignif-

icant levels (Fig. 3E and Supplementary Fig. S8).

Targeting of the endogenous tdgf1
transcript using StCsm complex
The tdgf1 gene has been used as a test case for

morpholino-based knockdown because of easily scored

and rather characteristic one-eyed pinhead phenotype

that is observed in optimal conditions at 1 dpf.8 In most

experiments, however, a spectrum of phenotypes is ob-

served. We classified the phenotype as mild to moderate

(defects in eye development, leading to reduced size of one

of the eyes, and/or defects in the notochord and tail re-

gion), strong (cyclopic phenotype characterized by the

presence of a single eye, or fused eyes, with defects in

the notochord region), and severe (reduced head region,

often with single eye significantly reduced in size, and

edema, defects in general body axis, notochord and tail re-

gion) (Supplementary Fig. S9). Especially for the latter

phenotype, the boundary between ‘‘desirable’’ on-target

and ‘‘undesirable’’ off-target effects is still not fully clear.

Injections of the single guide wt StCsm(tdgf1167) eli-

cited only mild to moderate, but not strong or severe, phe-

notypes. A mixture of wt StCsm complexes with four

different guides (tdgf1167,174,154,181) proved more effec-

tive. To get the optimal effects, we carried out a dose–re-

sponse study for 1 nL injection volume and variable

ribonucleoprotein concentration. When *0.25 ng was

injected, lethality was very low at around 10%, compara-

ble to the lethality associated with mock injections, but

mostly mild and moderate phenotypes were observed,

and total penetrance was low. Penetrance (for all pheno-

types, from mild to severe) increased with the ribonucleo-

protein dose and reached over 50% for *1.4 ng injections,

essentially without increasing mortality (Fig. 4A).

Increasing injection dose yet further was not helpful. Pen-

etrance did not increase much, but lethality increased

considerably.

As the tdgf1 phenotype was scored at 1 dpf, long after

the onset of zygotic transcription at 3.5 hpf, attribution of

the phenotype to RNA knockdown, rather than DNase-

directed endonuclease activity relied on the expected

cytoplasmic localization of the complex only. In order

to confirm that the phenotype was indeed attributable to

RNA knockdown, we compared the efficacy of wt

StCsm(tdgf1167,174,154,181) with the similarly loaded

dDNase and dRNase variants at the same concentration

(Fig. 4B). As anticipated, phenotypes were observed

only if RNase activity was intact. The penetrance of phe-

notypes was only slightly (about 5%) lower for the

DNase-deficient variant than for wt complex. Moreover,

phenotypes were observed in very similar proportions.

Therefore, we conclude that all or nearly all of the phe-

notype was attributable to RNA degradation and was

not due to mutations induced by imprecise repair of in-

duced double-strand breaks in DNA (Fig. 4C).

Quantification of on- and off-target effects
for EGFP knockdown by RNA-Seq
For quantification of on- and off-target knockdown ef-

fects, Tg(ddx4:ddx4-EGFP) females were crossed with

casper males. Offspring of three mating pairs were

pooled at the time of collection and randomly divided

into injection and mock injection (control) groups. Injec-

tion dose was 0.7 ng (in 1 nL), and therefore very similar

to the dose used in earlier experiments (Figs. 2 and 3). For

the injected embryos, 25 each were harvested, pooled,

and snap frozen in liquid nitrogen at the 128-cell

stage, at 5 hpf, and at 24 hpf. The same was also done

for control embryos and all the injected samples were

stored in the -80�C freezer until further processing.

Three independent experiments were performed, and

RNA was isolated by polyT-polyA hybridization limit-

ing detection to full-length RNAs and 3¢ fragements.

In total, we obtained and analyzed RNA-Seq data for

injected and control embryos, for three time points, in

triplicate.

We first focused on the on-target effects of

StCsm(EGFP). As EGFP expression varied strongly be-

tween groups (we had both homo- and heterozygous

fish), batch effect was added to the underlying models.

Within group comparisons showed clear reduction of

EGFP reads (Fig. 5A). A likelihood ratio test confirmed

that a model with injection status (true or mock injec-

tion) modelled EGFP abundance significantly better

than a model distinguishing only batches, for both the

128-cell stage and at 5 hpf (P = 3e-4 for 128-cell stage;

P = 1e-4 for 5hpf). Meaningful comparisons were not

possible for the 24 hpf samples, because EGFP read

counts were too low, despite the persistence of fluores-

cence in germ cells.

Next, we compared the distributions of reads along the

EGFP transcript for injected and mock injected embryos.
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At 128-cell stage and 5 hpf, the two distributions were

broadly similar, as would be expected for complete tran-

script removal by endogenous RNA degradation path-

ways after the initial Csm cleavage (Fig. 5B, top, and

Supplementary Fig. S10). For more detailed compari-

sons, we determined the logarithm of the ratio of reads

in the injected and mock injected samples (log-fold cov-

erage [LFC]). This analysis revealed that in the injected

group, reads were underrepresented on the 5¢-side and

overrepresented on the 3¢-side of the expected cleavage

site in the EGFP transcript (notice that for the EGFP

transcript in Fig. 5B and Supplementary Fig. S9, 5¢ is

on the right and 3¢ on the left). We attribute the underrep-

resentation of reads on the 5¢-side in injected embryos to

the loss of 5¢-fragments after cleavage; the overrepresen-

tation of reads on the 3¢-side can be understood as an ef-

fect of overall read number normalization (Fig. 5B and

Supplementary Fig. S10, ‘‘LFC coverage’’). Hence, the

FIG. 4. Knockdown of endogenous tdgf1. (A) Dose-dependent penetrance and lethality were assessed after
injection of dDNase StCsm(tdgf1167,174,154,181). Different amounts of dDNase StCsm(tdgf1167,174,154,181) were injected
in a constant volume of 1 nL at the 1-cell stage. Phenotypes were screened after 24 hpf on the basis of
morphological changes. Data represented as mean – SEM. (B) Bar plot comparing the efficiency of different StCsm
complexes. 1.5 ng of either wt, dRNase or dDNase StCsm(tdgf1167,174,154,181) complexes in 1 nL volume was injected
in the same clutch of embryos. Results from injections in five different clutches of embryos are presented. Data
represented as mean – SEM. (C) Lateral and ventral images of the injected embryos after 24 hpf. Arrows indicate
position of eye or eyes. Scale bar represents 1 mm.
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FIG. 5. Analysis of on-target effects of EGFP knockdown. (A) Changes in EGFP read counts at the 128-cell stage
(top panel) and 5 hours post fertilization (bottom panel). Black lines connect data points from the same replica
batch. Each plot is annotated with log2 fold change value and P-value from the likelihood-ratio test. (B) Read
coverage analysis of the EGFP transcript at 5 hpf. The top two panels (StCsm 5 hpf and mock 5 hpf) depict the read
coverage represented as a fraction of total coverage at each position for the StCsm injected (red) and mock
injected (blue) samples. Each replicate is plotted independently with the color shades gaining intensity where the
plots overlap. The third panel (log-fold change [LFC] coverage) shows the log2 of the ratio between the read
coverage of the StCsm injected and mock injected samples (positive values red, negative values blue). The fourth
and fifth panel (StCsm ends and Mock ends) depicts the distribution of sequencing fragment ends over the whole
EGFP transcript sequence for the StCsm injected (red) and mock injected (blue) samples. The sixth panel (Diff. ends),
shows the difference in the sequencing fragment end distribution between the two samples, obtained by
subtracting the mean amount of fragment ends of the mock sample from the mean amount of fragment ends at
each coordinate of the StCsm sample. The positive values are colored red and negative are blue. The red rectangle
illustrates the space enlarged on panel (C) in relation to the CRISPR RNA (crRNA) sequence. (C) The difference in the
sequencing fragments end means at each coordinate in relation to the crRNA sequence. Error bars show 95%
confidence interval.
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data show that the 3¢-fragements of some EGFP tran-

scripts persist after StCsm(EGFP) mediated cleavage.

This conclusion was also supported by a mapping of

read ends. Read ends are distributed very irregularly,

but the distribution is very similar for injected and

mock injected embryos. The exception to this rule is

the predicted cleavage site, where read ends peak in the

injected (Fig. 5B, ‘‘Csm ends,’’ and Supplementary

Fig. S10), but not the mock injected sample (Fig. 5B,

‘‘Mock ends,’’ and Supplementary Fig. S10). As StCsm

complexes can catalyze multiple cuts in their targets

with a 6-nt stagger,17 we looked at higher resolution for

this pattern, but did not see evidence for cleavage sites

six nucleotides apart (Fig. 5C).

Although crRNA should not be enriched in our polyA-

polyT hybridization based protocol and should therefore

not be represented in our stranded library, a clear peak on

the EGFP complementary strand was observed in the

binding region of crRNA (not shown). These reads, at-

tributed to crRNA contamination due to nonspecific

bead binding, provided an opportunity to estimate

crRNA persistence in the embryo. Averaged over the

three replicas, the fraction of crRNA compared to total

polyA-tailed RNA goes down by less than a factor of

three between the 128-cell stage and 24 hpf.

Having confirmed the expected on-target effects of the

StCsm complexes, we next focused on potential off-

target effects. For each condition and repeat, at least 10

million assigned read counts were available. Scatter

plots and Pearson correlation coefficients consistently

above 0.9 showed that transcript abundances for the rep-

lica datasets were very consistent internally (correlation

>0.9 for any replica pair). Principle component analysis

(Fig. 6A) and hierarchical clustering (Supplementary

Fig. S11A) grouped transcriptomes according to develop-

mental stage. Transcript abundances were very similar

for injected and noninjected embryos at any given stage

(Supplementary Fig. S11B to D). Volcano plots indicated

that at any given stage, few transcripts varied signifi-

cantly in abundance (Fig. 6B for the 128-cell stage).

EGFP itself, treated here like an endogenous gene, was

among the highest scorers for differential expression

overall, and for under-expression in the StCsm(EGFP)

injected samples. Differentially expressed genes of

course do not need to be direct StCsm(EGFP) targets.

To better understand the pattern of expression changes,

we mapped the differentially expressed genes to GO cat-

egories. The top categories in this list are mostly related

to metabolism, splicing, and protein expression. Overall,

the GO pattern is very consistent with the idea that

StCsm(EGFP) complexes alter the transcriptome primar-

ily by causing a developmental delay (Fig. 6C). By con-

trast, distant sequence similarity between the crRNA

exact target in EGFP and potential off-target effects in

other transcripts did not seem to matter for regulation.

As any downregulation was not significant on the level

of single genes, we grouped transcripts according to the

number of paired bases between them and crRNA.

Spacers are 32 nt long. The two most similar genes

could pair with the spacer region of the crRNA in 22 po-

sitions, or with 10 mismatches. The more mismatches

were allowed, the larger the number of potentially af-

fected genes. However, no major expression change

was observed for all groups, and in particular, there

was no trend that groups of genes with better complemen-

tarity to the crRNA were more downregulated than

groups with worse complementarity (Fig. 6D and Supple-

mentary Fig. S11E).

We conclude from this analysis that all transcripts are

too far away from complementarity to be directly down-

regulated. This finding is in line with the observation that

StCsm(avGFP), which is mismatched in six positions

against the EGFP transcript, does not degrade this tran-

script (Fig. 1D).

Discussion
Our experiments with StCsm variants show that reduc-

tions in EGFP fluorescence are largely independent of

the DNase activity of the Csm complex, even for

EGFP expressed from zygotically active promoters.

This could reflect faster RNA than DNA degradation in

part due to transcriptional silence up to the maternal to

zygotic transition (MZT), or the exclusion of the

StCsm complex from the nucleus due its large size and

the absence of a nuclear localization signal (NLS). It re-

mains to be tested how nuclear targeting of mRNAs or

pre-mRNAs by StCsms with NLS compares with cyto-

plasmic targeting. Although we did not see evidence

for DNase activity of the StCsm complex in our experi-

ments, we recommend using the ‘‘cleaner’’ Csm dDNase

variant for RNA knockdown experiments.

StCsm-mediated RNA knockdown worked best for the

exclusively maternal EGFP transcript generated under the

control of the ddx4 promoter. The knockdown for tran-

scripts expressed in the zygote was less pronounced than

for the maternally deposited RNA, and the effect de-

creased over time. Observation of significant knockdown

effects for the myl7 and fli1 promoter driven EGFP tran-

scripts strongly suggests that the StCsm bound crRNA sur-

vives the widespread RNA degradation during the MZT at

3.5 hpf, most likely due to protection of the crRNA along

its entire length by the StCsm complex.17 At 1 dpf, EGFP

fluorescence was reduced less than two-fold in the

Tg(Xla.Eef1a1:mlsEGFP) and Tg(nkx2.5:EGFP) lines.
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FIG. 6. Analysis of off-target effects of EGFP knockdown. (A) Principle component analysis of mRNA expression
levels in all sequenced samples. The first two principle components are shown and are annotated by the
percentage of the variance explained by each of those components. The colors differentiate the samples by
experimental condition, while the shape by analysis time point. (B) Volcano plot showing the relation of the log2
transformed fold changes of read counts at 128-cell stage to their log10 transformed P-values adjusted for multiple
comparison tests with the Benjamini and Hochberg correction, as implemented in DESeq2. The point originating
from the EGFP transcript has been marked. The dashed red line shows the 0.1 adjusted p-value threshold.
(C) Comparison of biological process gene ontology terms enrichment of the upregulated and downregulated
genes. Dots represent the term enrichment with color coding: red indicates high enrichment and blue indicates
low. The sizes of the dots represent the ratio of genes containing the relevant term within up or down-regulated
groups to the total number of genes in that group. (D) The plots showing the log2 transformed fold change and its
respective P-value from likelihood ratio test for the full model, containing both condition and batch factors, and the
reduced model containing only the batch, fitted to the counts of the groups of genes sharing the same minimal
number of complementary nucleotides to the crRNA. The error bars show the standard error of the estimate. With
each required nucleotide less, new genes are added to the tested group. The bar plot in the uppermost panel
depicts the size of the relevant group.

310



As most vertebrate genes are haplo-sufficient,52,53 this ef-

ficiency may not be enough to elicit phenotypes. There-

fore, for now we recommend Csm-mediated knockdown

only for maternally deposited RNAs and for use very

early in development (at most 2 dpf).

We regard this work as a proof of principle for type III

CRISPR-Cas based RNA knockdown in animals. Several

potential avenues to increase the efficiency of targeting,

and to make the method amenable to targets expressed

later in development, remain to be explored. We have so

far only tested the Csm from one bacterial species, and

even with this complex, there may be room for improve-

ment. It is possible that targeting pre-mRNAs and RNAs

at the source in the nucleus (using a Csm DNase-deficient

complex with NLS) could be more effective than cytoplas-

mic targeting for zygotic transcripts, because Csm com-

plex would more stable against degradation by proteases.

We have used pre-formed StCsm complexes. Assembled

StCsm complexes from injected RNAs or RNAs made

by transcription in zebrafish from DNA templates could

be used alternatively. Finally, we have injected into the

yolk only, to keep lethality low, and have not yet compared

efficiencies for injection into yolk and embryo proper.

With maternal RNA transcripts and early zygotic

transcripts within its scope, Csm knockdown currently

fills a niche for knockdown in zebrafish that is not

well addressed by the morpholino approach and inacces-

sible to the dCas9 transcription suppression approach.

As zygotic transcription sets in late in zebrafish, many

important biological questions, including questions of

cell fate, RNA translation control, and others, can be

addressed during this window.

The main competitor for Csm-based knockdown is

Cas13-based knockdown. Initial successes have been

reported in a preprint using Cas13.29 Those Cas13 experi-

ments have so far been done with co-injection of mRNA

for Cas13 and crRNA. In this experimental setup, the endo-

nuclease first has to be synthesized, and must find its

crRNA guide in the zebrafish embryo, before it can be ac-

tive. On the other hand, the presence of mRNA means that

endonuclease can be resupplied, perhaps increasing knock-

down persistence. Our preliminary experiments indicate

that it is also effective to co-inject Cas13 protein and

crRNA. Compared to the Csm method, the Cas13-based

knockdown could prove more amenable to parallel exper-

iments, since the endonuclease can be loaded with

crRNA in vitro. This is still difficult for Csm complexes,

which have to be assembled in the producer organism, so

that separate purifications are necessary if multiple targets

have to be tested. On the other hand, Cas13 proteins have

been reported to acquire nonspecific endonuclease activity,

once they have cleaved a specific target,54 which could rep-

resent an off-target concern. Finally, the bacterial Argo-

naute protein NgAgo, now believed to a DNA guided

RNase, has also been used for RNA knockdown, although

so far only for one example, the fabp11a gene.15 The use of

heterologous nucleic acid guided endonucleases to target

RNA is clearly promising: direct comparisons are now re-

quired to reveal the relative merits of the methods that have

now been shown to work at least in principle.

Note in Proof
While this manuscript was in production, an amended

version of reference 29 was published as Kushawah, G.

et al., CRISPR-Cas13d Induces Efficient mRNA Knock-

down in Animal Embryos, https://doi.org/10.1016/j.devcel

.2020.07.013
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