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Abstract

Castor bean is an important crop in many countries. It is mainly used to obtain the castor
oil, which is widely applied in various industries. The rich protein cakes and meals are remains after
the oil is pressed. They are promising for use as protein additives in the fodder production. However,
it is limited due to the presence of toxins. These are ricin protein and ricinine alkaloid. One of such
methods can be genomic editing using the CRISPR/Cas9 system. The technology consists in cutting
the target region of the intact DNA by the Cas9 enzyme with the assistance of a short guide RNA
fragment. The delivery of the Cas9 and guide RNA genes into the cell of the edited plant is often
carried out by plasmid vectors. For efficient synthesis of the guide RNA in such vectors, the promoters
of small nuclear RNA genes are usually used. In dicotyledonous plants editing, the promoter of the
Arabidopsis U6 gene is most often used. In this work, the amplification, sequencing and analysis of the
castor bean U6 promoters were carried out at the first time. The obtained sequences were analyzed
and used in the construction of CRISPR/Cas9 vectors for the ricin gene editing. Our aim was to study
castor bean U6 promoters with help by bioinformatics and molecular genetic approaches. Zanzibar
Green and Gibzonskaya varieties of castor bean plants were used in this work. DNA was isolated from
young leaves. The preparation of sequences, alignments and homology level calculation were carried
out by GenDoc program (http://www.nrbsc.org/gfx/genedoc/index.html). Primers for amplification of
castor bean U6 promoters were designed by Primer3 program (http://bioinfo.ut.ee/primer3-0.4.0/).
PCR was performed using a C-100 PCR machine (Bio-Rad Laboratories, Inc., USA). PCR products
were separated in 1.5% agarose gel at 6 B/cm in the Sub-Cell GT electrophoresis camera (Bio-Rad
Laboratories, Inc., USA). The amplicons were purified with the GeneJET PCR Purification Kit
(Thermo Fisher Scientific, Inc., USA). The purified amplicons were cloned into the pAL2-T vector
(Evrogen, Russia) according to protocol of manufacturer. In the CRISPR/Cas9 vector construction,
the pRGE31, HindIII and Sbfl restriction enzymes (Sibenzyme, Russia) and nucleotides were used.
Purification of the digested products was carried out with the GeneJET Gel Extraction Kit (Thermo
Fisher Scientific, Inc., USA). Bioinformatic search were conducted in the GenBank base, and 12
scaffolds with the castor bean U6 gene were found. Six promoters with intact USE and TATA-box
elements of regulation were used in the primer design for amplification with cv. Zanzibar Green
and cv. Gibzonskaya DNA matrices. One fragment PCR products were cloned and sequenced. The
analysis of the obtained amplicon sequences reveled that promoter regions of two studied varieties
were similar. The level of promoter identity from different amplicons ranged within 51-77%. In
comparison of these promoters with ones from other plants, the level of homology was 42-64%. The
promoter sequences with intact USE and TATA-box motifs were used in construction of the
CRISPR/Cas9 vectors which can be used for efficient editing of the castor bean genes involved in
the ricin and ricinine synthesis.

Keywords: castor beans, promoter, U6 gene, sequencing, genome editing, CRISPR/Cas9,
vector construction



Castor bean (Ricinus communis L.) is an agricultural crop in the spurge
family (Euphorbiaceae) that is farmed in many countries of the world. It is cul-
tivated mainly for seeds that castor oil, a valuable product used in many sectors
of the economy, is produced from [1]. Castor oil virtually never dries and pre-
serves its properties in a broad range of operating temperatures, which is why it
is used as a lubricant in food machinery and in aircraft modeling engines; it is
also a component of plastic lubricants [2]. Castor oil contains substances valuable
for chemical synthesis: undecylenic acid and sebacic acids, components of epoxy
and alkyd resins, etc. Castor oil has long been used in medicine as an effective
laxative [3, 4].

Once castor beans have been pressed for oil, they retain residues rich in
protein — meals and cakes, a promising source of protein in feed production.
However, these residues contain toxins: ricin and ricinine (a protein and an alka-
loid, respectively) [5]. Ricin is a cumulative poison that has a strong local cauter-
izing effect that triggers hemorrhagic gastroenteritis. Once absorbed into the blood,
it causes erythrocyte agglutination and destruction, increases the risk of throm-
bosis, and triggers ulceration of vascular walls. Besides, ricin has a negative effect
on the central nervous system, where it causes convulsions, paresis, and paralysis
[6]. Ricinine is far less toxic; however, it is not a desirable feed component either.
Castor bean meals and cakes are usually detoxified by destructive thermal and
chemical treatment, which jeopardizes protein quality. Such treatment renders
proteins less digestible and causes lysine and other scarce amino acids to hydrolyze
[5]. This is why finding an alternative method to detoxify castor bean meals and
cakes without conventional treatment remains a relevant research challenge.

It would be of undoubted theoretical and practical interest to obtain castor
bean plants devoid of ricin and ricinine. To that end, genes involved in the syn-
thesis of either toxin must be knocked out. CRISPR/Cas9 is an effective state-of-
the-art genome editing technique that can perform such knockout. Its components
are the enzyme Cas9 and a guide RNA, or gRNA [7]. Cas9 and gRNA genes are
injected into a cell by plasmid vectors with corresponding promoters. U3 and U6
small nuclear RNA (snRNA) promoters are normally used with the gRNA gene
[8]. Genome editing of monocotyledons normally uses sequences of U3 promoters
of rice; dicotyledons are edited with U6 promoters of Arabidopsis. However, several
papers have shown that editing is more efficient when promoters are of the edited
species, and adding them to CrISPR/Cas9 vectors has become a major trend [9-
13]. Research into U6 promoters in various species shows that they contain two
RNA polymerase III recognition sites: Upstream Sequence Element (USE) and
TATA box [11, 13, 14]. USE has a consensus sequence RTCCCACATCG. Mar-
shallsay et al. [14] proposed a system of primers for U6 promoter amplification;
their system is based on the aforementioned sequence and the Arabidopsis U6
sequence. These primers seem suitable for analyzing U6 promoters in other spe-
cies, the genomes of which are yet to be sequenced.

To date, genomes have been sequenced for several Euphorbiaceae species
(Jatropha curcas, Manihot esculentum, Hevea brasiliensis, Euphorbia esula), includ-
ing castor bean [15-19]. Ricin-coding sequences have also been sequenced and
studied [20-23]. They do not contain introns, which is why a large precursor (pre-
proricin) is translated from them; this precursor contains a single peptide and ricin
A and B chains separated by a linker peptide of 12 amino acids [20]. Parts encod-
ing the signal peptide or the beginning of the A chain are the most suitable targets
for editing [23, 24].

This is the first research project to have amplified, sequenced, and ana-
lyzed castor bean U6 promoters. The identified sequences were analyzed and used
to construct CRISPR/Cas9 vectors for further editing of ricin genes.



The goal was to study castor bean U6 promoters by bioinformation, mo-
lecular, and genetic methods.

Materials and methods. The researchers used the castor bean varieties Zan-
zibar Green (Gavrish, Russia) and Gibzonskaya (Gavrish, Russia).

DNA was extracted from young leaves by the method proposed by Doyle et
al. [25], although slightly modified [26]. Sequence processing, alignment, and ho-
mology quantification were performed in GenDoc (http://www.nrbsc.org/gfx/gene-
doc/index.html).

Primers to amplify castor bean U6 promoters were found by means of
Primer3 (http://bioinfo.ut.ee/primer3-0.4.0/). Polymerase chain reaction (PCR)
was run on a C-100 amplifier (Bio-Rad Laboratories, Inc., USA) with the follow-
ing parameters: 5 min at 95 °C; 30 s at 95 °C, 30 s at 50 °C, 1 min at 72 °C (35
cycles); 10 min at 72 °C (terminal elongation).

PCR products were separated in 1.5% agarose gel at 6 V/cm in a Sub-Cell
GT horizontal electrophoresis chamber (Bio-Rad Laboratories, Inc., USA). Elec-
trophoresis results were visualized by the gel documentation system Gel Doc™
XR+ (Bio-Rad Laboratories, Inc., USA). Amplicons were purified using the
GeneJET PCR Purification Kit (Thermo Fisher Scientific, Inc., USA).

The purified amplicons were cloned using the pAL2-T vector (Evrogen,
Russia) according to the manufacturer's instructions.

To construct CRISPR/Cas9 vectors, the plasmid pRGE31, HindIII and
Sbfl restriction endonucleases (Sibenzyme, Russia), and the required oligonucle-
otides were used. To cut restriction products out of the gel, the GeneJET Gel
Extraction Kit (Thermo Fisher Scientific, Inc., USA) was applied.

Results. Twelve scaffolds containing the castor bean U6 sequence were found
in GenBank: AASG02000063, AASG02000163, AASG02000719, AASG02001323,
AASG02002949, AASG02003223, AASG02003842, AASG02006600, AASG02019053,
AASG02021200, AASG02020516, AASG02025904. However, the characteristic
USE and TATA elements were found in the promoter region of the U6 gene
only in six of these scaffolds: AASG02021200, AASG02020516, AASG02006600,
AASG02000719, AASG02025904, AASG02002949. Comparison to the results of
the search for USE and TATA-featuring U6 promoters in the genomes of other
Euphorbiaceae species showed the number of such could vary. The genomes of
Jatropha curcas and Manihot esculentum (variety W14) contain 6 such promoters,
as does castor bean; however, Hevea brasiliensis and Euphorbia esula have 9 and
23, respectively.

Sequences of the scaffolds AASG02021200, AASG02020516, AASG02006600,
AASG02000719, AASG02025904, AASG02002949, and that of a single USE and
TATA-less scaffold AASG02000063 were used to select primers (Table 1) and
further amplify the fragments containing the upstream region of the respective
U6 genes, see Figure 1. In all cases except AASG02000063, single fragments of
expected length were amplified (amplicons Rc200, Rc516, Rc600, Rc719, Rc904,
and Rc949). Since the case of AASG02000063 saw the amplification of two more
fragments, this upstream region was subject to no further analysis. Single fragments
of other variants were cloned and sequenced.

1. Primers for amplification of the U6 gene promoter region in the analyzed castor
bean (Ricinus communis L.) scaffolds

Primer | Nucleotide sequence | Scaffold | Amplicon | Size, bp
RcU6-200f 5'-TGGATAAGAGGAGATTCTTGAATTG-3  AASG02021200 Rc200 392
RcU6-200r 5'-AGGGGCCATGCTAATCTTCT-3’

RcU6-516f 5'-GTTGGCAGCCTTCAGATTTC-3" AASGO02020516 Rc516 590
RcU6-516r 5'-AGGGGCCATGCTAATCTTCT-3’



Continued Table 1

RcU6-600f 5'-CTCCGAATTATATITGGGGTTTT-3 AASG02006600 Rc600 280
RcU6-600r  5'-AAAAATTTGGACCATTTCTCG-3’

RcU6-719f  5'-ACCTGTGAGGTGGCTTTCTG-3" AASG02000719 Rc719 346
RcU6-719r  5'-CGGTGTCTGTTTGCCCTAAT-3’

RcU6-904f 5'-AGCCCATTTTGGGGTGTTAT-3" AASG02025904 Rc904 512
RcU6-904r  5'-AGGGGCCATGCTAATCTTCT-3"

RcU6-949f  5'-TTCTGGGAGGTATGCATCAA-3’ AASG02002949 Rc949 401
RcU6-949r  5'-AAAAATTTGGACCATTTCTCG-3’

RcU6-063f  5’-CAACCCGACTCCTTCATCAT-3’ AASG02000063 Rc063 584

RcU6-063r  5'-AGGGGCCCTACTTTGATACC-3’

1 2 3 4 5 6 7 M 8 9 10 11 12 13 14

Fig. 1. PCR amplification of the U6 gene promoter region from the template DNA of castor bean
(Ricinus communis L.) Zanzibar Green (1-7) and Gibzonskaya (8-14) cultivars using selected primers
(see Table 1): 1 and 8 — Rc600f/Rc600r, 2 and 9 — Rc904f/Rc904r, 3 and 10 — Rc949f/Rc949r, 4
and 11 — Rc063f/Rc063r, 5 and 12 — Rc516f/Rc516r, 6 and 13 — Rc200f/Rc200r, 7 and 14 —
Rc719f/Rc719r; M — molecular weight marker (100 bp DNA Ladder M-214S, Jena Biosience
GmbH, Germany).

2. Homology (%) between the nucleotide sequences of six selected U6 gene promoters
of castor bean (Ricinus communis L.)

Promoter | Rc200ZG | Rc516ZG | Rc600ZG | Re719ZG | Rc904ZG | Re949ZG

Rc200ZG 100 56 53 71 57 50
Re516Z2G 100 63 57 67 62
Rc600ZG 100 54 63 54
Rc7192G 100 53 51
Rc904ZG 100 59
Rc949ZG 100

Amplicon sequences obtained from Zanzibar Green (Rc200ZG, Rc516ZG,
Rc600ZG, Rc719ZG, Rc904ZG, and Rc949ZG) and Gibzonskaya (Rc200Gib,
Rc516Gib, Rc600Gib, Rc719Gib, Rc904Gib, and Rc949Gib) were analyzed;
this analysis found these varieties to have fully matching promoter regions which
also matched the corresponding sequences in the scaffolds AASG02021200,
AASG02020516, AASG02006600, AASG02000719, AASG02025904, AASG02002949.
However, two polymorphic sites were found outside regulatory element-containing
promoter regions, the G/A substitution at a position —228 from the start site of the
U6 gene in Rc200Gib and T/A substitution at a position —351 from the start site of
the U6 gene in Rc904Gib. Apparently, the tested promoter regions are rather con-
servative in the varieties of the same species.

A similar pattern was observed in the case of cassava varicties AM560-
2 and KUS50. U6 promoter regions from their scaffolds LTYI01019634 (nucle-
otides 16035-16336) and JPQF01078381 (nucleotides 1216-1517), as well as
LTYI01021841 (nucleotides 27091-27392) and JPQF01070438 (nucleotides
16559-16860), were found to fully match.

Comparing sequenced castor bean U6 promoters against each other
showed medium homology varying within 51-77% (Table 2). Similar homology
of 42-64% was observed when those were compared against randomly sampled
U6 promoters of other randomly picked species from different families (Tables
3 and 4).



3. Nucleotide sequences of randomly selected promoters of plant species from different families used to assess the degree of homology between them and
six U6 gene promoters of castor bean (Ricinus communis L.)

Code | Nucleotide sequence |GenBank acc. noJ The first nucleotide | The end nucleotide
abrusl 5-GCCCCACATCGAACAGTATTATCAAAGCATGACACAATATATAGCAAAAGAAACACGCAGAGAGT-3’ XM_027482675 708 644
arachisl 5'-GTACCACATCGAGTAGCATCATATAACTCTGACAATATATATAGCAGAGGGTGCAAAGAAGGCTC-3" XM_025790263 575 511
arachis2 5'"-GTCCCACATCGCTTAGTATCAGACCACTCTGACAGAATATATATCAAAGGAAACACAAAAGGCTC-3" XR_003810923 117 181
arachis4 5"-GTCTCACATCGCCCGAGTTTTGAGAAACCAATAACTTATATATCAGAGGCGAAGCAAAGGCTC-3" XM_025845620 218 281
bras_oll 5'"-GTCCCACATCGCTCAGGTGAAGAGAAGGAGCTGCGTTTATATAGCGATGAAGTCACGAAAGTGATT-3" LR031877 48176336 48176271
bras_rapl 5"-CTCCCACATCGCTCAGCGAAGCAAAAGAAGCTCCTGTTTATATACTTTCAGAGTCAAGAAGATGATT-3" LR031575 1103139 1103205
bras_rap2 5"-CTCCCACATCGTTTATCAGAGAAGCAGAAGCCGAGTTTATATAGGGACGGAGTGACGAAGGAGATT-3" LR031575 1143184 1143119
cicerl 5"-GTCCCACATCGAATACATGTATCCCATTTTCCATATTTATATAACGCAGGTTAACCATGCAGTAT-3" CP039335 30486401 30486452
cicer2 5’-GTCCCACATCGAATACATTTATCCCTTTTTCCGTATTTATATAACGCAGGTTAACCATGGAGTTT-3" CP039335 30494676 30494740
cicer3 5"-GTCCCACACCGAATCATCTATCATTTTTTTCGTCTTTATATAACCCATGTTAATCATTAGGTTT-3" CP039335 30512524 30512587
cicer4 5"-GTCCCACATCGTCTAAATATTCGAATATTTAATATTTATATACAATGTTCGAGCAGTATAGTAT-3" CP039333 18318744 18318807
cicer7 5"-GTCCCACACCGCGTACGCATAACATGTGTTCAGTGTTTATAATACCCTCGCACACATCATCAAC-3" CP039333 31682334 31682398
cicer8 5"-GTTCCACATCGTCTACATCTATCATTATTTACGTCTTTATATTCAACCGATGAGCCATAAGGCTT-3" CP039333 39009683 39009747
cichoriuml  5'-CGTCCCATACCGACCAGTAAAGTACTTCCCGTCGCCTTATATAGCGCAGCTCGGCGACTATCATC-3" MK455779 235 299
cichorium2 5'-GTCCCATACCGACCAGTAAAGTACTTCCCGTCGCCTTATATAGCGCAGCTCGGCGACTATCATC-3" MK455779 236 299
cichorium3  5'-TTCCCACATCGCTCTTTGAAGCAACATCGCCATGCTTTATATAGCTTGGCTTCCAAACATATATC-3’ MK455773 235 299
cichorium4 5'-TTCCCACATCGATGATTGAAACGATTCCTCGGTGTTTTATATAGCCTGGCTTCCAATCAAATATC-3" MK455776 238 302
cichorium5 5’ -CTCCCACATCGATGATCGGAACGGTTGTTTCGTGCTTTATATAGCTCGGGTTCCAACCATTTATC-3" MK455775 238 302
citrullusl 5'-GTCCCACATCGGTAAGTTTTGATTCTAGTTTACGCTTTATATAACTAAGACTGCAGTACAAGGCTT-3" VOOLO01000005 2250542 2250477
cynaral 5"-AATCCCACATCGCCTTTAACGATATCCAGTGCTAGCTTTATATGGCGGAGGTCGGCAGCTAAGATC-3" XR_003069239 | 65
goss_raim1 5"-ATCCCATATCGCTAAAGAACTATAACACAGGAGCGTTTATATAAGCGAAAGAAGCAGCAAATGATT-3’ CP032562 3130166 3130101
goss_raim2  5'-ATCCCACATAGCTAAAGAATTAGGAAAATTTATTGTTTATAAAGGCAAAGGAAGAAACTTATTATT-3" CP032562 3328533 3328468
goss_raim3  5'-ATCCCGCATCGCTAAAGAATTGAAAAAATTTTATTGTTTATATAGGAAAAACAAGCTGACTATGATT-3" CP032562 3351518 3351452
goss_raim4  5'-ATCCCGCATCGCTAAAGAATTGAAAAAATTTTATTGTTTATATAGGAAAAACAAGCTGACTATGATT-3" CP032562 3351518 3351452
gossipioides] 5"-ATCCCACATCGCTAAAGAACTAAAATGCCGAAGTATTTATATAAGCGAAAGAAACAGCATTAGTGT-3" CP032252 2333488 2333423
gossipioides2 5'-ATCCCACATTGCTAAAGAATTAACAAATACTATTGTTTATATAGGCAAAAGAAACACCGTAGCAGT-3" CP032252 2341665 2341600
gossipioides3 5'-ATCCCACATCTCTAAAGAATTAAAAAACACTATTGTTTATATGGGCAAAAGAAGCACCGTTGTATT-3" CP032252 2343934 2343869
ipomeal 5"-CTCCCACATCGGGCGATGAAGCAGCTCTCTTCCAGTACACATACTCCGCCATTGAAGAAGAAGAAC-3” CP025668 7620112 7620047
ipomea2 5"-CTCCCACATCGGCCAATGAGCCATCTTACTTCCAGTACATATACTCCGCCATGGAAGCTCTTATC-3" XR_004100417 33 97
ipomea3 5"-CTCCCACATCGGCTGATGAAACAACTTGCTTCCAGTATACATACTCTATCATGGAAGCACTGAGC-3" XM_031272161 | 65
ipomea4 5"-GTCCCACATCGGCCAATGAGCCATCTTACTTCCAGTACATATACTCCGCCATTGGAGCACTTAGC-3" CP025668 7980996 7981060
ipomeas 5'"-TTCCCACATCGGGCGATGAAGCAGCTCTCTTCCATTACACATACTCCGCCATTGAGGAAGGAGAAT-3’ CP025668 7984209 7984274
lotusl 5'"-GTCCCACACCGGATAAACATACAGAAATATGAGTGTTTATAAGCAAATAGTCAGCAATAAGGTTC-3" AP010923 70411 70347
lotus2 5'-GTTCCACATCGGCTATGTTGATTAAGATTTTATAGTTCATATATCACTACAGAACAGCAAGTATT-3" AP010923 68417 68353
teal 5"-GTCCCACATCGAAACTTCGACGTTATAGACATGGAGTTTATAAGAAAGAAGAAAAGAGAAGACGTT-3" XR_003649102 150 215
tomatol 5"-CTCCCTCATCGCTTACAGAAAAAAGCTATATGCTGTTTATATTGCGAAATCTAACAGTGTAGTTT-3" XM_004230407 25 89
tomato2 5"-CTCCCTCATCGCTTACAGAAAAAAGCTATATGCTGTTTATATTGCGAATCTAACAGTGTAGTTT-3" X51447 198 261
vignal 5"-GTCCCACATCGTCCAAACATGTCACAACTTCCATGTTTAAAAACGCACGCCTACTCGCTGCTGTT-3" CP039354 53496613 53496677

vigna2 5"-GTCCCACACCGTATACTTTCACTAGAGGTTTAGTGTTTATATAGATACAGACTGCATCCAAGCTT-3" CP039350 33742544 33742608




4. Homology (%) between nucleotide sequences of six selected U6 gene promoters of
castor bean (Ricinus communis L.) and randomly selected U6 gene promoters of
plant species from different families

Cod Promoter
ode Rc200ZG | Rc516ZG | Rc600ZG | Rc719ZG | Rc904ZG | Rc949ZG
abrusl 48 53 56 46 60 62
arachisl 52 53 57 47 55 49
arachis2 54 57 57 51 56 58
arachis4 54 54 63 52 49 54
bras_oll 53 54 57 48 52 53
bras_rap1 54 55 57 56 54 52
bras_rap2 45 54 54 46 52 54
cicerl 56 54 53 53 55 52
cicer2 58 52 53 57 55 49
cicer3 59 53 50 54 51 46
cicer4 50 56 59 53 56 55
cicer7 47 64 53 50 50 55
cicer8 51 57 58 54 55 55
cichoriuml 42 47 55 45 47 50
cichorium?2 43 48 55 46 48 51
cichorium3 55 53 50 52 49 52
cichorium4 49 48 50 51 50 45
cichorium5 55 51 54 55 47 44
citrullusl 57 60 59 58 56 59
cynaral 52 55 63 55 56 51
goss_raim1 48 62 57 51 61 59
goss_raim?2 47 58 53 50 58 56
goss_raim3 51 61 50 52 65 63
goss_raim4 50 46 50 52 65 63
gossipioidesl 49 55 57 54 62 58
gossipioides2 51 60 54 51 62 61
gossipioides3 52 60 57 52 60 60
ipomeal 42 52 47 46 44 47
ipomea?2 48 58 52 44 50 49
ipomea3 46 58 54 43 52 52
ipomea4 50 58 51 48 48 49
ipomea5 45 52 47 43 47 47
lotusl 46 55 58 52 63 59
lotus2 59 59 62 59 56 58
teal 57 53 56 58 57 58
tomatol 48 47 53 48 53 51
tomato2 48 47 53 47 52 50
vignal 52 60 57 46 53 52
vigna2 55 66 56 53 61 55

To a considerable extent, such homology was due to the presence of fairly
conservative USE and TATA elements, whereas other regions had low homology
(Fig. 2).

USE sequence analysis of these promoters showed castor bean to have
several variants of this regulatory element: A (GAACCACATCG) of the ampli-
cons AASG02021200ZG and AASG02021200Gib, B (A-CCCACATCG) of the am-
plicons AASG02020516ZG and AASG02020516Gib, and D (AT-CCACATCG) of
the amplicons AASG02000719ZG and AASG02000719Gib. In the other three cases,
USE motives (C, E, and F, see Fig. 2) matched the Arabidopsis consensus sequence
RTCCCACATCG.

The identified castor bean U6 promoters were then used to design vectors
to edit the ricin gene by means of CRISPR/Cas9.

To construct CRISPR/Cas9 vectors, the research team used the plasmid
pRGE31 containing the Cas9 gene under the CaMV 35S promoter, as well as a
gRNA synthesis structure: U3 promoter of rice (OsU3), a motif of two divergent
sites of the Bso31I restriction endonuclease (to embed the target site once the
plasmid has been hydrolyzed by the enzyme, 2xBso311), and a sequence encoding
the gRNA part interacting with the Cas9 protein (gRNAgene).



First, we searched for restriction endonuclease sites in the original plasmid
pRGE31 such that one site was located before the U3 promoter beginnin, and
another site after that. Still, both sites had to be absent from the structure to ligate
with pRGE31. HindIII and Sbfl sites were picked as a result. Since the region
between them contained the entirety of the OsU3-2xBso311-gRNAgene structure, it
was necessary to synthesize an insertion sequence that would contain 2xBso311-
gRNAgene under the corresponding castor bean promoter.

A s Tle GTAGCTTTT‘;”AGEA

B : CGCATAACEE\;GA—G
C: CGTGAGAC .
D: &G TIATINIGTCGGTCTT IAGHAAGTC iYENY:
E : TTEA@ACATAAAATATTEGA—CE '
F : EISSERSREEE" c7A GAATACAARTT I ARAACGGH
A : AGGGCAAACAGCTGGITGG

B : TACAAGCAAGCACCATGCEE

C : CGGGAGGCAGCATGATGCE

D : AGGGCARACAGACACCGTE

E : TCAAGCTAGCTTCTGAAGHH

F : CAAAAACGA-CATGCTACHE

A:

B :

C:

D:

E :

F:

A : 1 156

B : 1154

C: 156

D: 155

E : 155

r : CACARATCGAGARRT : 155

Fig. 2. Alignment of castor bean (Ricinus communis L.) U6 gene promoter sequences: A — promoter
from the AASG02021200ZG and AASG02021200Gib amplicons, B — AASG02020516ZG and
AASGO02020516Gib amplicons, C — AASG02006600ZG and AASG02006600Gib amplicons, D —
AASG02000719ZG and AASG02000719Gib amplicons, E — AASG02025904ZG and AASG02025904Gib
amplicons, F — AASG02002949ZG and AASG02002949Gib amplicons. The USEs with a consensus
sequence RTCCCACATCG of Arabidopsis are highlighted in red. The part of the U6 gene that is
amplified from the Oligo3 primer [14] is highlighted in green.

To that end, six oligonucleotides (forward-n) were synthesized that con-
tained RcU6(n)-2xBso311-(20bp)gRNAgene, where n is the corresponding castor
bean U6 promoter variant, (20bp)gRNAgene are the first 20 nucleotides to encode
the beginning of Cas9-interacting gRNA, see Table 5. A reverse gRNAgene oligo-
nucleotide was synthesized as well. After a single PCR cycle (5 min at 95 °C, 30 s
at 50 °C, 10 min at 72 °C), double-stranded RcU6(n)-2xBso311-gRNAgene se-
quences were obtained for each forward oligonucleotide with a reverse oligonu-
cleotide. This approach was chosen because it was more resource-effective com-
pared to the complete synthesis of forward and reverse RcU6(n)-2xBso31I-
gRNAgene constructs. Besides, it enabled the resource-effective synthesis of struc-
tures with any other promoter, whereby only the forward oligonucleotide would
need to be replaced.



5. Oligonucleotides used for constructing and testing CRISPR/Cas9 vectors with castor bean (Ricinus communis L.) U6 gene promoter s

Promer | Nucleotide sequence

Oligos for synthesis of double strand constructs RcU6(n)-2xBso31I-gRNAgene

reverse

forward-A 5"-GAACCACATCGATTCGTTGTAGCTTTTTAGAATTCTTTATATGAATTAGGGCAAACAGCTGGTTGGGGAGACCGAGGTCTCGGTTTTAGAGCTAGAAATAGC-3’
forward-B 5"-AACCCACATCGTCTAGTTACGCATAACTTTAGAGTTTATAAACGCCTACAAGCAAGCACCATGCTGGAGACCGAGGTCTCGGTTTTAGAGCTAGAAATAGC-3’
forward-C 5"-GTCCCACATCGTCTGGTTACGTGAGACTAATGATCCTTATATGCAAACGGGAGGCAGCATGATGCTGGAGACCGAGGTCTCGGTTTTAGAGCTAGAAATAGC-3"
forward-D 5"-AATCCACATCGGTTATTTGTCGGTCTTTAGAAGTCTTTATATGAATTAGGGCAAACAGACACCGTTGGAGACCGAGGTCTCGGTTTTAGAGCTAGAAATAGC-3’
forward-E 5’-ATCCCACATCGTTTAGTTACATAAAATATTAGACTTTATAAGAAAATCAAGCTAGCTTCTGAAGTGGAGACCGAGGTCTCGGTTTTAGAGCTAGAAATAGC-3"
forward-F 5"-ATCCCACATCGACAAGGAATACAAATTTAAAACGGTTTATAAGTAAACAAAAACGACATGCTACTGGAGACCGAGGTCTCGGTTTTAGAGCTAGAAATAGC-3"

5

"-AAAACAAAAAAGCACCGACTCGGTGCCACTTTTTCAAGTTGATAACGGACTAGCCTTATTTTAACTTGCTATTTCTAGCTCTAAAAC-3"
Oligos for introducing restriction enzyme sites into RcU6(n)-2xBso31I-gRNAgene constructs

HindIII-A 5"-AAGCTTGAACCACATCGATTC-3’

HindIII-B 5"-AAGCTTAACCCACATCGTCTA-3’

HindIII-C 5"-AAGCTTGTCCCACATCGTCTG-3"

HindIII-D 5"-AAGCTTAATCCACATCGGTTA-3’

HindIII-E 5"-AAGCTTATCCCACATCGTTTA-3"

HindIII-F 5"-AAGCTTATCCCACATCGACAA-3’
5

Sbfl-reverse "-CCTGCAGGAAAACAAAAAAGCAC-3’

Oligos for testing vectors
35Spr-F 5'-CTATCCTTCGCAAGACCCTTC-3"
Amp-R 5"-ATAATACCGCGCCACATAGC-3’

pBR322ori-F 5"-GGGAAACGCCTGGTATCTTT-3"




HindIII and Sbfl restriction sites were incorporated into the insertion se-
quence by means of PCR. Amplification involved primers selected for the borders
of RcU6(n)-2xBso311-gRNAgene constructs and containing corresponding re-
striction sites in the 5'-region (Table 5). PCR products were purified, cloned in
the pAL2-T AT vector, and sequenced to verify the absence of synthesis errors.
Once the plasmid pRGE31 and the pAL2-T plasmids featuring RcU6(n)-
2xBso311-gRNAgene structures were processed with HindIII and Sbfl restriction
endonucleases, the products were separated by electrophoresis, and target frag-
ments were cut out. Purified fragments were ligated and used to transform com-
petent Escherichia coli cells. Clones were selected by PCR with primers selected
for the borders of RcU6(n)-2xBso311-gRNAgene constructs. Plasmids extracted
from the selected clones were tested with HindIII (linearizes the target plas-
mid) and Bso31I (does not break down the target plasmid), then sequenced
using the insertion primers (Sbfl-reverse) and primers for the target regions:
Cas9 gene (35Spr-F), the ampicillin resistance gene (Amp-R), ori (pBR322ori-F)
(see Table 5).

The created vector constructs were further compared against each other
and against vectors containing the Arabidopsis U6 gene in terms of effectiveness.
Such experiments seem advisable, since, for example, potatoes have been shown
to produce twice as many mutant forms where the gRNA gene promoter, AtU6
(U6 promoter of Arabidopsis thaliana, GenBank accession no. X52527.1) was sub-
stituted with StU6 (U6 promoter of Solanum tuberosum, GenBank accession no.
Z17290.1) [9].

The same conclusions were made by Long et al. [11] when they re-
searched into the optimization of CRISPR/Cas9 for editing the cotton genome.
gRNA expression grew by a factor of 6-7 once the endogenous cotton promoter,
GhU®6.3 (U6 promoter of Gossypium hirsutum) replaced AtU6-29 (U6 promoter
Arabidopsis thaliana) in the CRISPR/Cas9 vector structure. As a result, the mu-
tagenic effectiveness of CRISPR/Cas9 rose by a factor of 4-6 [11]. In turn, Sun
et al. [10] obtained similar results in their comparison of endogenous and exoge-
nous promoters in CRISPR/Cas9 cassettes for soy genome editing. gRNA expres-
sion under GmU6 (U6 promoter of Glycine max) was twice as high as under an
exogenous promoter, AtU6-26 (U6 promoter of Arabidopsis thaliana). The effec-
tiveness of gene editing varied within 14.7% to 20.2% in the first case and within
3.2% t0 9.7% in the second case [10]. These experiments were carried out on non-
related plant species from different families; their results clearly show the benefits
of using endogenous promoters in CRISPR/Cas9 vectors. However, it is important
to compare not only endogenous vs. exogenous promoters but also endogenous
promoters against each other. This research identified various castor bean U6 pro-
moters with USE and TATA regulatory elements which are necessary for normal
functioning; it would be logical to compare them against each other in editing
experiments on castor bean, as endogenous promoters, as was reported earlier,
might vary in the effectiveness of controlling gene expression [27-30].

Thus, the castor bean genome contains six U6 promoters with USE and
TATA elements. Sequencing these promoters in Zanzibar Green and Gibzonskaya
varieties showed them to be highly conservative. The promoters are medium-ho-
mologous to each other and to the promoters of other species. The promoters were
found to contain USE elements; in three promoters, those matched the consensus
sequence of the USE element in Arabidopsis; in three others, they did not.
CRISPR/Cas9 based on the identified castor bean U6 promoters will constitute a
valuable tool for further attempts to edit the genome of this species and to evaluate
the effectiveness of various promoters with respect to gRNA synthesis.
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