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Abstract
The mutant efficiency and hatching ratio are two key factors that significantly affect the construction of genome-modified 
mutant insects.  In the construction of CRISPR/Cas9-mediated dsLmRNase2–/– mutant locusts, we found that the tanned 
eggs which experienced a 20-min contact with the oocyst exhibited a higher success rate compared to fresh newly-
laid eggs that were less tanned.  However, the heritable efficiency of the dsLmRNase2 deletion to the next generation 
G1 progeny was similar between adults derived from the tanned or less tanned engineered eggs.  Further, the similar 
effective mutant ratios in the normally developed eggs and G0 adults of tanned and less tanned eggs also indicated that 
tanning did not reduce the absolute mutation efficiency induced by CRISPR/Cas9.  Moreover, we found that the syncytial 
division period, which was longer than the time for tanning, conferred a window period for microinjection treatment with 
efficient mutation in both tanned and less tanned eggs.  We further found that tanned eggs exhibited a higher hatching 
rate due to a reduced infection rate following microinjection.  Both the anti-pressure and ultrastructure analyses indicated 
that the tanned eggs contained compressed eggshells to withstand increased external pressure.  In summary, tanned 
eggs possess stronger defense responses and higher efficiency of genome editing, providing an improved model for 
developing Cas9-mediated gene editing procedures in locusts.
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1. Introduction

Genome editing has been widely used in the functional 
analysis of genes and identified as a powerful technology 
for gene therapy in human diseases, as well as pest 
control applications in the agricultural and forestry fields 

Received  18 March, 2021    Accepted  29 April, 2021
Correspondence ZHANG Ting-ting, E-mail: zhangyanqiu3520@
sxu.edu.cn; ZHANG Xue-yao, E-mail: zxy@sxu.edu.cn; ZHANG 
Min, E-mail: zhangmin@sxu.edu.cn
* These authors contributed equally to this study.

© 2021 CAAS. Published by Elsevier B.V. This is an open 
access art ic le under the CC BY-NC-ND l icense (http:/ /
creativecommons.org/licenses/by-nc-nd/4.0/).
doi: 10.1016/S2095-3119(21)63736-X

http://crossmark.crossref.org/dialog/?doi=10.1016/S2095-3119(21)63736-X&domain=pdf


2717ZHANG Ting-ting et al.  Journal of Integrative Agriculture  2021, 20(10): 2716–2726

(Barrangou et al. 2007; Jinek et al. 2012; Cong et al. 
2013).  Efficiently generating mutant individuals (including 
insects) is the critical step for the application of all the 
various genome editing technologies (Li et al. 2016; Khalil 
2020).  

Successful construction of mutant animals depends 
on high efficiency of genome editing and hatching.  The 
CRISPR/Cas9 system can specifically target the locus 
of interest based on the interactions of single guide RNA 
(sgRNA) and the Cas9 protein (Jiang et al. 2013), and 
has been widely used in life science research (Liu et al. 
2015).  Further, a simple efficient system containing 
Cas9 protein and sgRNAs transcribed in vitro to produce 
functional CRISPR ribonucleoproteins (RNPs) can 
also be used to transfer the CRISPR/Cas9 system into 
fertilized eggs or the gonads (ovaries or testes) of parent 
animals to generate mutant individuals (Sano et al. 2018).  
Microinjection is the most widely applied method in this 
type of study.  As for insects, this is especially true as 
many genetically engineered lines have been generated 
in this way, including Drosophila melanogaster (Gratz 
et al. 2014), Aedes aegypti (Kistler et al. 2015), Bombyx 
mori (Ma et al. 2014a), Papilio xuthus (Li et al. 2015), 
Gryllus bimaculatus (Awata et al. 2015), Plutella xylostella 
(Huang et al. 2016) and Locusta migratoria (Li et al. 
2016).  Given this, the selection of fertilized eggs suitable 
for microinjection of RNPs is the fundamental process to 
guarantee the mutant efficiency and the hatching rate, 
finally ensuring the construction rate in these applications.

Insect eggs are often tanned and sclerotized after 
oviposition through a series of multistage chemical 
reactions that take place on the surface of eggshells 
(Eisner et al. 1966; Andersen 2012), providing the chance 
to improve the construction efficiency of producing mutant 
insects.  Locusta migratoria is not only an important 
agricultural pest (Enserink 2004) but also acts as an ideal 
research model for various fields of insect biology (Leo 
et al. 2005), including aggregation (Guo X J et al. 2020b), 
phase transition (Hou et al. 2019; Guo W et al. 2020a), 
cuticle metabolism (Yu et al. 2016), gut development 
(Zhang et al. 2020) and pest control (Zhang et al. 2021).  
Effective generation of gene-edited locusts could be 
achieved by microinjection of CRISPR/Cas9 into the fresh 
eggs (Li et al. 2016).  Newly oviposited “yellow” locust 
eggs are surrounded by a liquid substance, which quickly 
forms a loose rod-shaped oothecal cover and darkens the 
eggs, finally resulting in their distinctive brown color as the 
tanned eggs.  Although the fresh eggs of locusts are easy 
to isolate due to this liquid ootheca, it is not easy to obtain 
the CRISPR/Cas9-mediated genome edited locusts with a 
very high efficiency (Li et al. 2016).  

In this study, we first demonstrated that the brown 

locust eggs tanned in the ootheca had a higher success 
rate in the construction of CRISPR/Cas9-mediated 
LmdsRNase2 knock-out mutant locusts than the less 
tanned yellow eggs.  We then confirmed that mutations 
of G0 individuals could inherit to the G1 generation and 
genome editing efficiencies were similar between the 
tanned and less tanned eggs because the syncytial 
division happened three hours after tanning.  Finally, 
we proved that the tanned eggshells improved the 
construction efficiency of mutant locusts by increasing the 
hatching rate after microinjection.  Our analysis revealed 
that higher efficiency of generating mutant insects may 
be achieved by using the tanned eggs for microinjection, 
which provides a higher hatching rate benefiting from 
the stronger eggshell ultrastructure to defend against 
infection.

2. Materials and methods

2.1. Insect culture 

The locusts used in this experiment were cultured in 
cages of 25 cm×25 cm×25 cm at (28±2)°C with 14 h of 
light and 40% relative humidity in the Research Institute of 
Applied Biology of Shanxi University, Taiyuan, China.  The 
locusts were fed with 7–15 cm of fresh wheat seedlings 
which were cultured at 24°C.

2.2. Design and synthesis of sgRNA for LmdsR-
Nase2 in the CRISPR/Cas9 system

LmdsRNase2 is the main enzyme for dsRNA degradation 
in the locust gut, but it does not affect the survival rate 
from nymph to nymph stage in locusts after dsRNA 
microinjection (Song et  al. 2017), which makes it an 
excellent candidate gene for optimizing the Cas9-based 
genome editing procedure in locusts.  The genomic DNA 
sequence of LmdsRNase2 was blasted at the website 
(http://159.226.67.243/viroblast/viroblast.php) using its 
cDNA sequence as the query data (Appendix A).  The 
website (http://crispr.mit.edu/) was used to screen sgRNA 
targets online in the first exon of LmdsRNase2 (including 
all ORF regions).  The sgRNAs for two target sites, 
namely sgRNA685 and sgRNA726, were selected based 
on the principle of high scores, fewer off-target sites, 
and high GC in the six bases upstream of the PAM.  The 
sgRNA685 and sgRNA726 were synthesized using the 
GeneArt™ gRNA Synthesis Kit (A29377, Invitrogen, USA) 
in vitro.  Briefly, the DNA template of sgRNA was amplified 
through PCR using mixed primers of Tracr Fragment, T7 
primer and the specific target primers (Appendix B).  The 
DNA template was transcribed into the corresponding 
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sgRNA using the TranscriptAid™ Enzyme Mix and finally 
purified with the gRNA Clean Up Kit according to the 
manufacturer’s instructions.  The synthesized sgRNA685 
and sgRNA726 were stored at –20°C for later use.  For 
one sgRNA microinjection, 300 ng sgRNA726 and 300 ng  
Cas9 protein from Invitrogen TrueCut Cas9 Protein v2 
(A36498, Invitrogen, USA) were mixed into 10 μL to form 
the RNP mixture in RNase-free water.  For double sgRNAs 
microinjection, 300 ng sgRNA685, 300 ng sgRNA726 
and 300 ng Cas9 protein were mixed into 10 μL  
to form the RNP mixture.  

2.3. Observation of tanned and less tanned eggs

The female locust lays a rod-shaped egg sac consisting 
of about 40–80 fertilized eggs in sandy soils.  To observe 
the process of egg tanning, we collected the egg sacs in 
the sand basins that were previously placed in the cages 
as soon as the ootheca was extruded into the basin.  The 
eggs isolated from the oocysts were separated into two 
groups within 5–10 min after oviposition.  One group was 
washed with water to remove the oocysts, and in the other 
group the eggs were still kept in touch with the oocysts.  
Eggs of the first group remained yellow and were named 
as the “less tanned eggs”, while 20 min after oviposition, 
the eggs of the second group turned brown and were 
named as the “tanned eggs”.  Both less tanned yellow and 
tanned brown eggs were rinsed in distilled water three 
times to ensure that there was no residual sand on the 
surface, and then imaged with camera TruceChrome II  
on an OPTEC microscope.

2.4. Microinjection

The cleaned eggs (tanned or less tanned) were placed 
on a glass plate with a baffle to keep the surface 
moist (Appendix A).  The microinjector (FemtoJet 4X, 
Eppendorf, Germany) was used to inject the RNP through 
a glass needle into the eggs near the micropyle with 
the parameters of 300 pounds per square inch (psi) of 
injection pressure, 30–40 ms of injection time, and 20 psi  
of anti-pressure.  The capillary glass needles (G-100, 
Narishige, Japan) with a diameter of 1 mm were prepared 
using a needle puller (MODEL P-97, Sutter, USA) with 
the parameters of Heat-600, Pull-55, Velocity-80, and 
Time-10.  The eggs were lined up on the glass plate and 
moved into the capillary needle in sequence as shown in 
Appendix A.  The injected eggs were placed in disposable 
Petri dishes covered with moist filter paper and cultured 
in an incubator at 30°C for 14 days.  The total time 
for microinjection was completed within 2 h after the 
oviposition.

2.5. Screening and verification of the mutant lo-
custs

To detect the hatching rate after RNP microinjection, 
40 tanned or 40 less tanned eggs, which were injected 
with either single or double sgRNA, were cultured in 
the disposable Petri dishes covered with moist filter 
paper.  The hatching rate of each group was calculated 
as the number of hatched eggs compared to the number 
of injected eggs.  In order to screen mutant locusts, a 
382-bp fragment containing the target gene sequence 
was amplified by nested PCR (Appendix A) using an 
alkali-treated antenna sample as the DNA template 
and sequenced.  The first 25 μL nested PCR reaction 
contained 23 µL of Gold Mix (TSE101, TSINGKE, China), 
1 µL of the alkali-treated antenna template and 1 µL of  
0.4 µmol L–1 long forward and reverse primer (Appendix C).   
The second 50 μL nested PCR reaction contained 47 µL  
of Gold Mix, 1 µL of template of the PCR products 
from the first nested PCR and 2 µL of 0.4 µmol L–1 
short forward and reverse primer (Appendix C).  Both 
amplifications were carried out at 95°C for 5 min, followed 
by 28 cycles of 95°C for 30 s, 55°C for 30 s and 72°C 
for 40 s, and then followed with another 72°C for 10 min.  
The mutant sequence was identified by comparing the 
sequencing results (sequences and peak patterns) with 
the wild type sequence.  The number of mutant individuals 
from the above group was used to calculate the efficiency 
of mutant individuals generated from all injected eggs.  

To further compare the genome editing efficiencies 
of normally developed eggs and individuals from tanned 
and less tanned eggs, five health developed eggs and 
four individuals in each group were selected to detect the 
mutation by PCR and sequencing.  To further evaluate 
the genetic outcomes of using tanned eggs, we assessed 
the inheritance patterns of engineered locusts in the 
G1 generation.  The obtained G0 mutant individuals 
(chimeras) were crossed with the wild type to obtain the 
G1 generation.  Groups of 5–6 eggs in a single oocyst of 
the G1 generation were randomly selected for lysis and 
amplification to estimate the mutation of whole oocyst and 
ensure whether it would be suitable to culture further.  The 
inheritance efficiency of mutant target in the G1 progeny 
was calculated by the number of mutations in every three 
oocysts in the G1 progeny.  

2.6. Fixation and nucleus staining of eggs

In order to confirm the time of syncytial division in the 
fertilized locust egg, we fixed the eggs at different 
developmental stages as described in Zhang et al. (2018).  
We first selected the developing fertilized eggs at 0, 2, 
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4, 8, 24 and 36 h, perforated the two poles of the egg 
with pins more than three times, placed them in a 2-mL 
Eppendorf tube, and then added 4% paraformaldehyde 
to fix them for more than 24 h.  The fixed eggs were 
washed with PBS and then stained with SYTOX® Green 
to label the nucleus.  Stained eggs were imaged with a 
fluorescence microscope (X51, Olympus, Japan).

2.7. Comparison of the eggshell ultrastructure by 
transmission electron microscopy

To compare the ultrastructure of the tanned and less 
tanned eggshells, a transmission electron microscopy 
(TEM) technique was used as previously described 
(Zhang et al. 2018).  Briefly, 5 μm paraffin sections of 
the microinjected eggs at 5-days-old (E5) were prepared 
and fixed with 3% glutaraldehyde in 0.2 mol L–1 PBS  
(pH 7.2) solution at 4°C for 48 h.  The slides were washed 
three times with PBS, and fixed with 1% tetroxide at 4°C 
for 3 h.  The fixed samples were washed twice for 10 min 
each, and then dehydrated with an increasing concentration 
gradient of acetone (50, 70, 80, 90 and 100%).  The tissues 
were embedded in Epon 812 for 2 h at room temperature.  
The samples were trimmed, after which ultrathin sections 
were prepared and fixed on a copper mesh.  Then, the 
images of the ultrathin sections of embryo eggshells 
were observed with a JEM-1200EX transmission electron 
microscope (TEM, JEOL, Japan).  The thicknesses of the 
eggshell and its inside granule gray scales were circled 
and measured in Photoshop 6.0 Software.  

2.8. Measurement of the eggshell hardness with a 
texture analyzer

To acquire more information about the characteristics of 
the eggshells, the texture analyzer was used to measure 
the difference of hardness between tanned and less 
tanned eggshells.  The tanned and less tanned eggs 
after day 5 of development (E5) were cleaned with PBS 
to remove impurities and keep moist.  The cleaned 
eggs were placed on the stage and the hardness was 
tested in the texture analyzer (Universal TA, Shanghai 
Tengba, China).  The operating parameters are as 
follows: experimental test speed=20 mm min–1, starting 
force=0.100 N and puncture distance=1.0 mm.  Each test 
group included 13 measured eggs.  

2.9. Statistical analysis

The experimental data were analyzed using the one-
way analysis of variance between two groups.  The 
data between two groups were statistically analyzed 

by Student’s t-test for independent sample.  Asterisks 
indicate significance (*, P<0.05; **, P<0.01).  All the 
experiments were repeated at least three times.

3. Results

3.1. Injection of tanned eggs increased the con-
struction efficiency of CRISPR/Cas9-mediated 
LmdsRNase2 knock-out locusts 

The freshly laid locust eggs had two fates: One in which 
the oocytes will turn brown because of the tanning effect 
of the oocysts within a short period of about 20 min  
to become the tanned eggs, and the other in which 
eggs isolated from newly laid oocysts immediately will 
become the less tanned eggs due to their insufficient 
contact with the oocysts (Fig. 1-A).  The outcomes of 
genome editing on the tanned and less tanned eggs 
were used to evaluate the efficiency of producing knock-
out locusts.  Analysis of the genome structure and amino 
acid sequence of target gene LmdsRNase2 showed that 
the nuclease domain is in exon1 (Appendix A).  Thus, 
we selected targets at positions 726 and 685 within the 
LmdsRNase2 and designed sgRNAs to act as efficient 
indicators for genome editing mediated by CRISPR/Cas9 
RNPs (Appendix A).  RNPs with single or double sgRNA 
formats were injected into tanned or less tanned eggs 
within 2 h after oviposition.  The results show that the 
hatching rate of tanned eggs was 30% more than the less 
tanned eggs in both single and double sgRNA injection 
groups (Fig. 1-B).  Further, the efficiency of producing 
mutant individuals in all injected tanned eggs was about 
15% more than that in less tanned eggs in the single 
sgRNA injection group, while this difference reached up to 
21% in the double sgRNA injection group (Fig. 1-C).  The 
sequence data of individuals from single sgRNA injection of 
both tanned and less tanned eggs exhibited multiple peaks 
at 3 bp before the protospacer-adjacent motif (PAM) and 
a similar mutation was also detected in the double sgRNA 
injection group (Appendix D).  This standard mutation 
type is common to non-homologous ending joining, and 
indicates that the CRISPR/Cas9 RNPs had been able 
to efficiently cleave their target by microinjection within  
2 h after oviposition in both tanned and less tanned eggs.  
Similar patterns of improved efficiency of mutant individuals 
in tanned eggs were also observed for LmDicer1 and 
LmDicer2a mutant locusts (Appendix E).

3.2. G1 insects could inherit the mutation from indi-
viduals from both tanned and less tanned eggs

In the inherited mutation detection assay, the less 



2720 ZHANG Ting-ting et al.  Journal of Integrative Agriculture  2021, 20(10): 2716–2726

tanned and tanned eggs injected with RNPs including 
single sgRNA were all shown to maintain about 11–22% 
mutation inheritance rates in G1 progeny without a 
significant difference (Fig. 2-A).  For groups injected 
by RNPs of double sgRNA, they had about 33–44% 
mutation rates, higher than the single sgRNA groups, but 
also without a significant difference between tanned and 
less tanned eggs (Fig. 2-C).  In addition, the sequencing 
results of the G1 insects, for all groups, produced an 
identical set of patterns similar to the G0 samples, 
indicating that all LmdsRNase2 mutations were inherited 
(Appendix D).  Finally, TA cloning and sequencing of 
the target region demonstrated that both tanned and 
less tanned eggs produced similar random indels in 
the G1 generation in both the single and double sgRNA 
groups (Fig. 2-B and D).  These results suggested that 
the mutations at site 726 in LmdsRNase2 produced 
with CRISPR/Cas9 can be inheri ted by the next 

generation without experiencing any unwanted changes  
(Appendix D).  

3.3. The tanning of locust eggs happens before 
syncytial division and does not significantly affect 
the genome editing efficiency of the CRISPR/Cas9 
system

The mutation rate in healthy developed eggs was about 
66% in both tanned and less tanned egg groups on E5 
after RNP injection (Fig. 3-A).  The mutation rate in live 
adults was also about 91% in tanned eggs and about 80% 
in less tanned eggs (Fig. 3-A).  The equivalent mutation 
rates in these tested embryos and adults between tanned 
and less tanned eggs indicated that tanned eggs retained 
the efficient absolute mutation efficiency.  The SYTOX® 
Green staining on new fresh eggs showed that new 
individual green cells around the egg emerged after 4 h, 
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incomplete tanning.  B, comparison of the hatching efficiency between tanned and less tanned eggs.  C, comparison of construction 
efficiency between tanned and less tanned eggs.  The tanned and non-tanned eggs used were injected with CRISPR/Cas9 system 
consisting of single or double sgRNAs.  Each group contained 40 eggs and experiments were repeated three times.



2721ZHANG Ting-ting et al.  Journal of Integrative Agriculture  2021, 20(10): 2716–2726

which indicated the end of the syncytial division stage 
(Fig. 3-B and Appendix F).  These nuclei in the syncytial 
division stage are all in one cell, so they can be edited 
through a single injection and then all repaired before 
the nuclei are moved to their own cells, allowing for a 
significantly more even distribution of any gene editing 
events.  Further, we could not detect any green cell 
signals at 0 or 4 h, suggesting that syncytial division in 
the fertilized locust eggs occurs more than 4 h after laying 
(Fig. 3-B).  Therefore, the window for genome editing in 
locusts is narrowed to the first 4 h following oviposition, 
during which all preparative and microinjection procedures 
must be completed.  Considering that the eggshell tanning 
caused by the ootheca takes about 20 min (Fig. 1-A), this 

still allows more than 3 h for microinjection manipulation 
before the syncytial division, which explains why the 
mutation rate in tanned eggs was similar to that in the less 
tanned eggs.

3.4. Tanned eggs increased the hatching rate by 
reducing the infection ratio

During the five days of culture after microinjection, 
the less tanned eggs often have a bulging pustule 
accompanied by yolk coagulation in the injected wound, 
while the tanned eggs remained intact and developed 
egg structures similar to the un-injected eggs (Fig. 4-A).  
The less tanned eggs after microinjection showed about 
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Fig. 2  G1 progeny inherited mutations from the G0 locusts which were hatched from the injected eggs.  A, comparison of inherited 
mutation efficiency of single sgRNA.  The inherited mutation efficiency was calculated by the number of mutant oocysts divided 
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repeated three times (n=3).  There were no significant differences between the two groups. D, indels in G1 progeny of double sgRNAs. 
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a 37% infection rate while the tanned eggs had about a 
13% infection rate (Fig. 4-B).  However, the un-injected 
less tanned eggs also had a higher infection rate than 
the tanned eggs (Fig. 4-B), further suggesting that the 
less tanned eggs had lower anti-infection abilities.  The 
ultrastructural analysis of these eggs showed that many 
fungi and bacteria colonized the outside of the less 
tanned (yellow) eggshells, while tanned eggs exhibited a 
significantly smaller number of bacteria on their surfaces 
(Fig. 4-C).  This suggested that the tanned eggs were 

more resistant to invasion following microinjection, and 
so the tanned eggs may be a better choice for generating 
mutant locusts using CRISPR/Cas9 system.

3.5. Tanned eggs had a compressed structure to 
improve their defense ability

Tanned eggs had about 3 N of hardness detected by the 
texture analyzer (Fig. 5-A) and demonstrated increased 
hardness compared to the less tanned eggs at E5, 
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suggesting that tanned eggs developed an improved 
resistance to external pressure, which may help to explain 
why they experienced fewer infections than the less 
tanned eggs (Fig. 5-B).  Further, the TEM analysis showed 
that locust eggshells were made up of irregularly shaped 
electron-dense granules (Fig. 5-C), and revealed that 
the tanned eggshells were thinner than the less tanned 
eggshells.  The analysis of eggshell thickness showed 
that the eggshells of tanned eggs were about 30% thinner 
than the eggshells of less tanned eggs (Fig. 5-D and 
Appendix G), suggesting that these thinner eggshells may 
support the increased pressure resistance in tanned eggs.  
Tanned eggs also had approximately 1 700 electron-
dense granules per square micron, which was about twice 
as many as the less tanned eggs evaluated (Fig. 5-E 
and Appendix G).  This suggested that tanned eggs had 
a high density of electron-dense granules per unit area 
resulting in its high rate of compression, and producing a 
thinner and stronger pressure-resistant eggshell.  

4. Discussion

4.1. Efficient mutation and high hatching rate after 
microinjection are both essential for increasing the 
production of mutant insects

The successful construction of mutant insects was 
based on the efficient mutation ratio caused by genome 
editing tools in conjunction with the high hatching rate 
after microinjection.  The microinjection of ribonucleases 
into the fertilized eggs is still the most widely used 
method for constructing mutant insects, with successful 
application in several different types of insects.  The 
reported mutation efficiency in injected eggs was 27% in 
D. melanogaster (Gratz et al. 2014), 24.57% in A. aegypti 
(Kistler et al. 2015), 16.8–30.3% in B. mori (Ma et al. 
2014b), 18.33–90.85% in P. xuthus (Li et al. 2015), 33.3% 
in G. bimaculatus (Awata et al. 2015), 35% in P. xylostella 
(Huang et al. 2016) and 33% in L. migratoria (Li et al. 
2016).  Meanwhile, effective CRISPR/Cas9 tools have 
undergone the development of several formats, including 
vectors containing Cas9 and sgRNA expression 
cassettes, Cas9 mRNA and sgRNA mixtures and the 
recent advent of a simple efficient system to produce 
RNP complexes, which have improved the mutation 
efficiency in various kinds of animals.  In locusts, 
injection of RNPs consisting of one or two sgRNAs 
could generate mutant individuals with more than 21% 
mutation rate in tanned eggs but only about 10–15% 
mutation rate in less tanned eggs (Fig.  1), indicating 
the RNPs injected into the locust eggs could introduce 
double-stranded breaks at the target site effectively in 

both tanned and less tanned eggs.
Improving the hatching rate after microinjection is 

an essential step for increasing the efficiency of mutant 
insect constructions.  In mosquito vectors, higher genome 
editing efficiencies were only achieved when both 
microinjection parameters and culture conditions of the 
injected eggs were optimized (Kumar and Puttaraju 2012).  
While in Firebrat, Thermobia domestica, the pretreatment 
of eggs in dry conditions improved their hatching rate 
(Ohde et al. 2020).  In locusts, we found that changing the 
microinjection parameters, optimizing the concentration 
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of the CRISPR/Cas9 mixture, and improving the culture 
conditions (data not shown) as well as using tanned eggs 
significantly improved the hatching rate of treated locusts 
(Fig. 1).  

In this article, we found that microinjecting the RNP 
into tanned eggs improved the efficiency of producing 
mutant LmdsRNase2 locusts no matter whether one 
or two sgRNA target sites were used.  We found that 
tanned eggs increased both the hatching rate and 
mutation efficiency based on the total number of injected 
eggs, and finally increased the construction efficiency of 
CRISPR/Cas9-mediated LmdsRNase2 knock-out locusts.  
Meanwhile, the improvement of the mutant rate in tanned 
eggs was also found during constructions of other mutant 
locusts, such as LmDicer1 and LmDicer2a (Appendix E), 
indicating that the improved hatching rate benefits from 
tanning but not the function of the genes.  Taken together, 
these results indicate that tanned eggs could be used 
in CRISPR/Cas9-mediated genome editing projects to 
improve mutant locust production, with the use of tanned 
eggs producing an increase in hatching rate of more than 
20%.

4.2. Eggshell tanning occurs before syncytial di-
vision, ensuring efficient and inheritable genome 
editing in locust

Rapid eggshell tanning provides enough time between 
tanning and syncytial division to allow for efficient 
genome editing in locust eggs.  The genome editing at 
the single-cell stage is critical to the successful production 
of mutant animals, in which the genetic material from 
parental donors are fused and then later divided into 
two or more cells (Cooper et al. 2018).  Gene editing 
should be completed before and at least during the 
syncytial stage, where all nuclei are found in a single 
fertilized cell, allowing the free passage of information 
(Ho et al. 1997; Gilbert 2000) and producing mutations 
that can be inherited by multiple cell lineages to ensure 
generational transfer.  In insects, including the locust, the 
first 13 nuclear divisions are completed in the absence 
of cytokinesis, producing an embryo of approximately  
6 000 nuclei in a single common cytoplasm in the syncytial 
stage (Ho et al. 1997; Gilbert 2000).  The cell nucleus 
stain assay showed that the syncytial division of locust 
eggs occurs at some point between 0 and 4 h after laying 
(Fig. 3-B and Appendix F), which is much longer than the 
20 min required for tanning.  Based on our protocol, the 
microinjection of 100 fertilized migratory locust eggs takes 
about 40 min.  If we combine these procedures, we can 
complete the tanning and microinjection of the fertilized 
eggs within 2 h, leaving at least 2 h for Cas9-mediated 

cleavage and repair of the target genes.  The success 
of this approach can be seen in the presence of various 
mutations in the LmdsRNase2 gene in the G1 generation 
(Fig.  2).  Our data showed that eggshell darkening 
occurs before syncytial division, leaving sufficient time for 
CRISPR/Cas9-mediated mutation.

4.3. Tanned locust eggs improve hatching rate via 
improved invasion resistance

Tanning is a multistage chemical reaction that happens 
on the surface of cuticle and eggshell to make them 
pigmented and sclerotized (Eisner et al. 1966; Andersen 
2012).  It is reported that knocking down the genes of the 
tanning pathway could cause the tanning deficiency in 
both cuticle and eggshell, accompanied by decreasing 
the resistance to pathogens (Du et al. 2017; Lu et al. 
2019; Sterkel et al. 2019), which indicates that tanning 
of the cuticle or eggshell improves the ability to defend 
against infection.  In our research, brown tanned 
eggs demonstrated a reduced infection rate following 
microinjection when compared to less tanned eggs 
(Fig. 4).  Ultrastructural analysis revealed significantly 
more fungi and bacteria around the outside of the less 
tanned eggshells, suggesting that the tanned eggshells 
were somehow more resistant to infection (Fig.  4).  
Therefore, it was hypothesized that the density of the 
electron-dense granules inside the eggshell was a 
critical parameter in determining both the hardness and 
pressure resistance of these shells.  In addition, the 
brown eggs exhibited improved pressure resistance, likely 
as the result of minor changes in the compression and 
density of these eggshells (Fig. 5).  Taken together these 
results suggested that the mechanical wound caused by 
microinjection was more easily repaired in tanned eggs 
because of their compressed eggshell structure, and 
that these cells had an improved immune response to 
infection, which improved their overall hatching rate.

5. Conclusion

Egg tanning is completed in less than 4 h which is 
needed for the syncytial division, which not only improved 
the stronger defensive responses of injected eggs, but 
also maintained the efficient genome editing mediated 
by CRISPR/Cas9, and ultimately increased the ratio 
of construction mutant individuals in L. migratoria.  
Therefore, microinjection of CRISPR/Cas9 into tanned 
eggs provides an improved model for developing Cas9-
mediated gene editing procedures in locusts.
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