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Introduction

Genome editing in autotetraploid plants is particularly useful 
because it has the potential of modifying all four alleles of a 
gene of interest at the same time (Wang et al. 2014; Nicolia 
et al. 2015; Schaart et al. 2021; Ahmad et al. 2023; May 
et al. 2023). The CRISPR-Cas9 system is the most popular 
tool for genome editing. The Cas9 endonuclease driven by 
a guide RNA designed on the target genomic site (sgRNA) 
makes a double-strand break (DSB) three bp upstream 
of the PAM (NGG) sequence. DSB repair is highly error 
prone in plants because the non-homologous end joining 
(NHEJ) mechanism largely prevails with respect to the pre-
cise homology directed repair (HDR) mechanism, and most 
often results in short deletions of one or a few bp. If a donor 
sequence with homology to the target site is introduced in 
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Abstract
Genome editing in autopolyploid plants has the potential to modify all the alleles of a gene of interest at the same time. 
We attempted to edit the alfalfa glutamate 1-semialdehyde aminotransferase (GSA) gene by CRISPR-Cas9, using a gRNA 
targeting the second intron and a donor DNA introducing a point mutation for gabaculine resistance. We determined that 
three GSA copies were present in our lab genotype, and one in three was a previously undetected variant allele differing 
at the target site, which could not be cut by Cas9. Precise, homology-directed repair was not observed, but five in fourteen 
transgenic plants carried −1, −3, −4 or −5 deletions at the target site. In three of them, only one of the two standard alleles 
was mutated. In one event, only the variant allele and a −5 deletion allele were present, demonstrating complete editing 
of the standard allele. Several rare deletion alleles were detected through deep sequencing, indicating a limited, continued 
activity of the DSB machinery after in vitro regeneration. No new mutated alleles emerged from sexual reproduction. 
Interestingly, some clonal progenies from an edited plant presented deletion allele frequencies different from the original 
plant, likely due to somatic segregation of chimeric mutations. This can possibly be exploited to generate new edited 
genotypes through clonal reproduction.

Key message
CRISPR-Cas9-induced deletions were obtained in autotetraploid alfalfa. We show sexual segregation of the editing 
machinery, cases of editing of all alleles, novelty in clonal progeny but not in sexual progeny.

Keywords  Genome editing · Glutamate 1-semialdehyde aminotransferase · Homology-directed repair · Medicago 
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the cell along with the DSB machinery, precise, homology-
directed repair (HDR) can result in the substitution of the 
native sequence with the donor one. This permits precise 
editing with designed sequence modifications, albeit with 
low efficiency in plants (Wang et al. 2023).

When the objective of editing is not knocking out but 
precisely modifying the function of a target gene by HDR, 
it may be advisable to direct the DSB to introns rather than 
exons, so that any gene repaired by NHEJ, and not by HDR, 
will likely remain functional if intron splicing sites are pre-
served. This can be particularly useful when a loss of func-
tion is detrimental or lethal in the heterozygous condition, 
so that an event bearing one edited and one knocked out 
allele is not viable.

If the intended modification of a gene is a single nucleo-
tide substitution in an exon, the modified target site may 
still be bound by the sgRNA and cut again, resulting in fur-
ther undesired mutations. In fact, studies of CRISPR-Cas9 
off-target cleavage in plants have shown that single-base 
sgRNA-DNA mismatches or bulges reduce but does not 
always suppress cleavage activity (Tang et al. 2018; Modrze-
jewski et al. 2020; Zhu et al. 2017). Editing by intron target-
ing has been reported in zebrafish (Li et al. 2015), in human 
cells (Fu et al. 2022) and in plants (Li et al. 2016; Nguyen et 
al. 2022; Xu et al. 2020) to generate fusion proteins.

When editing occurs in the single cell that gives rise to 
the regenerated plant, the mutated allele will be solid (not 
chimeric) in the plant. In this case, in diploid organisms, the 
edited allele frequencies are expected to be either 50% (het-
erozygous state) or 100% (homozygous or biallelic state). 
In autotetraploids, the allele frequencies in solid mutants 
are expected to be 25%, when one allele in four is mutated, 
50% when two alleles are mutated, 75% when three alleles 
are mutated, or 100%, when all four alleles are mutated. 
If editing occurs at later, multicellular stages of the plant 
regeneration process, or in the adult transgenic plant, a chi-
meric situation will result in somatic tissues, whereby both 
mutated and wild type cells and tissues are present in the 
same individual; in this case, the types and frequencies of 
mutated alleles can deviate from the expected ones.

Site-specific mutagenesis by means of the CRISPR-
Cas9 system has been reported in leguminous crop spe-
cies (reviewed by (Bhowmik et al. 2021), including alfalfa 
(Medicago sativa L, 2n = 4x = 32) (Gao et al. 2018; Chen 
et al. 2020; Wolabu et al. 2020, 2023, 2024; Bottero et al. 
2021; Frare et al. 2022; Miller et al. 2022; Singer et al. 2022; 
Ye et al. 2022; Zheng et al. 2022; Zhao et al. 2024; Xia et al. 
2025), but to our knowledge, precise, HDR-mediated edit-
ing has not been accomplished.

In this work, we tried to obtain HDR-mediated editing 
by means of the CRISPR-Cas9 system targeting the alfalfa 
glutamate 1-semialdehyde aminotransferase (GSA) gene. 

Previously, a point mutation in this gene conferring gaba-
culine resistance allowed to develop a selection system for 
genetic transformation (Ferradini et al. 2011b; Giancaspro 
et al. 2012). We attempted to introduce this mutation by 
targeting an intron of the gene to avoid deleterious knock-
out mutations, as a proof of concept for HDR-based precise 
editing in alfalfa. Although we did not succeed in such pre-
cise editing, we generated NHEJ-derived mutations at the 
target site and collected data on the percentage of transgenic 
events bearing mutations, the type of mutated alleles, and 
their frequencies. We also took into consideration the pres-
ence of continued editing during plant development and 
vegetative reproduction, and segregation in sexual progeny, 
less commonly investigated aspects of genome editing.

Materials and methods

Sequence analysis and vector design

We previously sequenced the GSA open reading frame 
using the cDNA of the M. sativa lab genotype RSY1 (1416 
bp, GenBank HQ244440). We also previously amplified and 
sequenced the GSA genomic sequence of the same genotype 
(unpublished). We found that it contains two short introns, 
positioned at 175–258 (84 bp), and 433–514 (82 bp) from 
the start codon (Online Resource 1). For gRNA design, the 
web tool CRISPR-direct was used to find targets within the 
second intron. The 453–475 sequence from the start codon 
(5’CCTCTTCAATTCTCTCATATATT3’) was chosen as 
the target site. We estimated off-target DSB probability for 
the selected target site using the M. sativa published protein-
coding sequences (Chen et al. 2020), and we did not find 
any 100% match of the chosen target.

The donor sequence for HDR was designed to modify the 
wild type (wt) sequence as follows (refer to the wt sequence 
in Online Resource 1). A G- > C transversion in the third 
exon was designed to introduce the M- > I amino acid sub-
stitution that confers gabaculine resistance (Ferradini et al. 
2011b). A mutation of the ClaI/BspDI restriction enzyme 
site (ATCGAT), naturally present in the first intron, was 
introduced to replace it with a NsiI site (ATGCAT) to pro-
vide a screening tool of editing events. Lastly, a mutation 
of a BaeI site in the third exon was necessary for construct 
assembly.

A construct coding for the single guide RNA (sgRNA) 
(5’AAUAUAUGAGAGAAUUGAAGAGG3’), the Cas-9 
enzyme, and the donor sequence was assembled within the 
vector pTRANS221-MsGSA featured with the bean yellow 
dwarf virus (BeYDV) derived amplification system (LIR-
SIR-LIR) of the donor sequence (Čermák et al. 2017). The 
donor was synthesized (Synbio Technologies, New York, 
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USA) and cloned in pMOD_C0000 using the BaeI enzyme. 
Then it was assembled in pTRANS221 along with Cas9 by 
the use of AarI Golden Gate reaction. In the final binary 
vector pTRANS221-MsGSA (Online Resource 2, 3), the 
plant selectable marker gene for transformation was nptII, 
driven by the enhanced CaMV 35S promoter. All the prim-
ers were purchased from Metabion (Planegg, Germany).

Plant transformation and propagation

The pTRANS221-MsGSA plasmid was mobilized from 
Escherichia coli into Rhizobium radiobacter AGL1 strain 
by triparental mating (Ditta et al. 1980). Leaf explants from 
young shoots of greenhouse-grown vigorous plants of the 
lab genotype RSY1 (Rosellini et al. 2007) were used for 
transformation as described (Bellucci et al. 2008). In the 
primary regeneration cycle, in vitro selection was carried 
out with 30 mg/L kanamycin. In the secondary regeneration 
cycle, 30 μM gabaculine was used for selection. Cefotaxime 
500 mg/L was used to control bacterial growth. Somatic 
embryos were converted into plantlets on hormone-free 
medium (Bellucci et al. 2008). Vigorous plantlets were 
transferred to sterile soil and accustomed to ex vitro condi-
tion in a growth room.

The T0 plants were cloned by cuttings, and three ramets 
from each T0 plant were reared in pots. At flowering, the 
T0 plants were hand-crossed without emasculation with an 
unrelated plant from the Italian variety Classe as the pol-
len donor. Seeds were harvested at maturity, and about 20 
T1 plants per progeny were reared in a greenhouse. Leaves 
were sampled and genomic DNA was purified from all T0 
plants and from 10 random T1 plants per progeny using 
the GenElute™ Plant Genomic DNA Miniprep Kit (Merck 
KGaA, Darmstadt, Germany).

Molecular analyses

All the primers used in this work are listed in Online Resource 
4. To screen for transgenic plants, the primers nptII-For and 
nptII-Rev were used. The target site was amplified from 
all the T0 transgenic events. To avoid the amplification of 
the donor sequence we searched sequence information on 
the region upstream of the start codon, using the M. sativa 
genome sequence published by Chen et al. (2020). Three 
GSA alleles were present in this genome (chr3.1:92837818-
92840134, chr3.3:95844655-95846972, chr3.4:100141354-
100143671). We then amplified the target region using the 
forward primer MsGSA-PROM2 hybridizing to a con-
served sequence starting 201 bp upstream of the start codon, 
and the reverse primer MsGSA-EDIT1R, hybridizing to the 
third exon. For PCR-restriction analysis of the T0 plants the 
792 bp-amplicon was digested with ClaI and NsiI at 37 °C 

overnight, and the digestion products were separated on a 
3% agarose gel.

For TIDE analysis, the amplicons were Sanger-sequenced 
(Macrogen Europe). The TIDE tool (http://tide.nki.nl) was 
used to detect indels in the target sequence. The amplicons 
of T0 plants were cloned using the TOPO™ TA Cloning™ 
Kit with One Shot™ TOP10 chemically competent E. coli 
cells (ThermoFisher Scientific, Waltham, MA, USA), and 
20 colonies were Sanger-sequenced by Eurofins ​(​​​h​t​t​p​s​:​/​/​w​
w​w​.​e​u​r​o​f​i​n​s​.​c​o​m​​​​​) using direct colony sequencing, with the 
primers MsGSA-PROM2 and MsGSA-EDIT2R.

For deep sequencing, the target site was amplified with a 
nested approach using the KAPA HiFi HotStart ReadyMix 
PCR Kit (Kapa Biosystems, Boston, MA). First, amplifi-
cation was performed using the primers MsGSA-PROM2 
and MsGSA-Edit2R described above; then reactions were 
purified using the PureLink® PCR Purification Kit (Ther-
moFisher Scientific, Waltham, MA, USA), and a nested 
PCR was performed with the primers MsGSA-NGS_For 
and MsGSA-NGS_Rev, that include the adapters for dual 
indexing and multiplexed sequencing (Nextera XT system, 
Illumina, San Diego, CA). These primers produced a 295 
bp amplicon. Deep sequencing was carried out by Istituto 
di Genomica Applicata (IGA, Udine, Italy) using the AVITI 
technology (Element Biosciences). The CRISPRESSO tool 
[​h​t​t​p​​s​:​/​​/​g​i​t​​h​u​​b​.​c​​o​m​/​p​​i​n​e​​l​l​o​​l​a​b​/​C​R​I​S​P​R​e​s​s​o​2 (Clement et 
al. 2019)] was used to identify all the alleles generated by 
editing.

The alleles with frequencies lower than 0.1% were dis-
carded to exclude possible random polymerase errors or 
sequencing errors. This threshold was deemed suitable for 
this experiment, because it retained alleles with a minimum 
of 80 reads, and because the amplicons of control plants 
Classe and RSY1 did not contain any deletion or insertion 
allele.

Allelic read counts from deep sequencing data were com-
pared with the expected ones based on the inferred allele 
copy numbers using X2 test, z-test and binomial test. A 
deviation was considered biologically relevant when the 
observed allele read count differed from the expectation by 
≥ 0.05.

Results

Sequence analysis and choice of target site

We searched the M. sativa genome published by Chen et 
al. (2020) to gain information on the GSA gene sequence, 
and we found that it contains three alleles of the GSA gene 
instead of the expected four. We aligned our sequence from 
the RSY1 genotype with these three alleles, including the 
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Transformation and editing efficiency

Starting with 229 leaf explants, 15 transgenic events were 
obtained using the conventional selectable marker system 
nptII – kanamycin. These events were confirmed by PCR 
using the primers nptII-For and nptII-Rev. The transforma-
tion efficiency (the number of T0 transgenic plants over the 
number of explants: 15/229) was 6.55%. Further analyses 
were carried out on 9 vigorous transgenic plants that sur-
vived the regeneration and acclimation phases. The gaba-
culine selection system (Ferradini et al. 2011b) applied in 
a second regeneration cycle using leaf explants of these 9 
plants in an attempt to select for HDR events resulted in 
the regeneration of 5 events. However, compared to our 
previous experience (Rosellini et al. 2007; Ferradini et al. 
2011b), gabaculine selection was not effective in this exper-
iment, possibly due to the prolonged storage of the gaba-
culine stock solution. The transgenic events were labelled 
“A” for kanamycin selection only, and “G” for kanamycin 
selection followed by gabaculine selection. Thus, 9 A plants 
and 5 G plants were further analyzed (Table 1).

The occurrence of HDR-mediated precise editing was 
tested by PCR-restriction analysis, using the primers 
MsGSA-PROM2/MsGSA-EDIT1R and the enzymes ClaI 
and NsiI. We observed complete digestion of the ampli-
con with ClaI in all the transgenic plants, indicating that 
HDR of the target gene did not occur (not shown). Thus, 
to detect NHEJ events (insertions or deletions), we initially 
performed TIDE analysis (Online Resource 6) which indi-
cated that five T0 plants (2A, 2 G, 7A, 11A, 11 G) carried 
deletion mutations (−1, −3, −4, or −5). Sanger sequencing 
of cloned amplicons from TIDE-positive plants further con-
firmed these results.

Interestingly, some cloned amplicons differed from the 
expected sequence, showing polymorphism in the target 
region (Fig. 1; Online Resource 7). This variant sequence 
was also found in one clone from the non-transgenic control 
RSY1 (not shown), thus, a “variant allele” was identified, 
which could not be targeted by the sgRNA.

region upstream of the start codon, and we found three silent 
base substitutions and two polymorphisms in introns, while 
several allelic differences were present in the upstream 
region (Online Resource 5).

The initial objective of this work was not knocking the 
GSA gene but inserting precise mutations by HDR, so we 
chose not to target the gabaculine resistance mutation site, 
to avoid that the edited site, differing from the wt only for 
a G- > T transversion, could still hybridize with the sgRNA 
and be cut by Cas-9. The second intron was targeted, so that 
a sequence modification in the target site would likely not 
affect gene function in case the DSB was repaired by NHEJ 
and not by HDR.

Table 1  Plant materials studied in this work. Edited events are high-
lighted in bold underlined. The target site was deep sequenced in all 
tested plants or bulks. -: not tested
Transgenic events T0 clones T1 progeny

Bulks Non-
transgenic 
segregant 
plants

1A 3 10 5
1 G - 10 3
2A 3 10 4
2 G - 10 3
5A 3 10 1
5 G - 10 5
7A 3 10 5
11A 3 10 3
11 G 3 10 4
12A - 10 3
14A - - -
17A 3 10 3
17 G - 10 7
27A - 10 1
N = 14 N = 21 N = 130 N = 47

Fig. 1  Aligned partial sequences of the target site in the second intron 
of genotype RSY1. A “standard” and “variant” alleles were revealed 
by Sanger and deep sequencing. The target sequence in the standard 
allele is highlighted in blue, with the protospacer adjacent motif (PAM) 
underlined. The bases in the variant allele that differ from the standard 
allele are highlighted in magenta. The target sequence is not present 

in the variant allele, that has only 14 consecutive bases in common 
with the standard allele in the target region. The intron of the variant 
allele is 1 bp shorter than that of the standard allele due to a T deletion; 
the latter polymorphism is also present in one of the three Chen et al. 
(2020) alleles (Online Resource 5)
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in each T0 plant (Table 2; Fig. 2). All T1 families but one 
(11 A) included at least one Cas9-negative plant carrying 
an edited allele, demonstrating the possibility of obtaining 
non-transgenic, edited segregants in tetraploid alfalfa. Over-
all, we obtained 19 transgene-free T1 plants (38%) and 8 
of these (42%) were edited (Table 2). One plant of the 7A 
progeny (7A-11, Online Resource 8A) presented 62% vari-
ant allele and 38% −5 deletion allele, thus it did not inherit 

Segregation of Cas9 and mutated alleles in T1

To study sexual transmission and detect any editing events 
after sexual reproduction, ten single T1 plants per progeny of 
each of the five T0 edited plant were analyzed by PCR using 
Cas9-specific primers (Fig. 2A). All plants produced at least 
three non-transgenic T1 progenies and the segregation ratios 
were compatible with the presence of one transgenic locus 

Fig. 2  Segregation of Cas9 and allele proportion in control and edited 
plants. A: examples of Cas9 segregation in T1 progenies of two edit-
ing events analysed by pcr using Cas9-specific primers producing an 
expected amplicon size of 515 bp; 10 single T1 progenies of event 7A 
and 10 single T1 progenies of event 2G were analyzed. +: pTRANS221-

MsGSA binary vector. m: molecular weight standard. B: proportion of 
edited and non-edited alleles identified by deep sequencing in control 
plants (RSY1, classe) and in 5 T0 edited plants in a single analysis 
without replications. The numbers of reads for each allele ranged from 
25,551 to 136,172
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the standard:variant allele ratio in RSY1 was 2:1 (Fig. 2B; 
Online Resource 8B), consistent with the presence of three, 
instead of the expected four, GSA genes in this genotype, as 
observed in the Chen et al. (2020) genome. This was con-
firmed in the transgenic, non-edited events that all showed 
a standard:variant ratio of 2:1 (Online Resource 8B). In 
Classe, the standard:variant ratio was 1:1, indicating that in 
this genotype four GSA alleles are present, two standard and 
two variant. Although the deviations of the observed allele 
read numbers from the expected ones were lower than 5%, 
they were significant according to the statistical tests (Table 
3), due to the very high numbers of observations. However, 
we deemed the deviations not biologically significant.

Among the 14 transgenic plants analyzed, we confirmed 
the five edited plants previously identified. Plants 2A, 2 G, 
and 11 G carried deletions at the target site at frequencies 
close to 33% (Fig. 2B; Table 3), indicating that they are 
solid mutants in which one of the two standard alleles is 
mutated and one is not. Events 2A and 2 G showed a 1:1:1 
ratio of the standard: variant: mutant (−4 deletion) alleles, 
thus we considered them clones of the same solid deletion 
mutant in the heterozygous state.

Event 11A carried a −1 deletion allele (Fig. 2B), con-
sistent with Sanger sequencing and TIDE results. The fre-
quency of the deletion allele was 19.31%, much lower than 

the standard allele from either parent. Considering that the 
sgRNA we designed could not target the variant allele, this 
plant represents a case of completely edited, non-transgenic 
segregant.

Deep sequencing and allele inventory

Deep sequencing of the target region was performed in all 
plants listed in Table 1, and in the non-transgenic controls 
RSY1 and Classe. On average 68,077 reads per sample 
were obtained (minimum 24,874, maximum 162,012). 
Crispresso-based allele determination demonstrated that 

Table 2  Segregation of Cas9, as estimated by PCR, in T1 progenies 
obtained by crossing five T0 edited plants with a non-transgenic pollen 
parent. X2 values with Yates correction for small samples are reported. 
The segregation ratios were compatible with the presence of one trans-
genic locus in each T0 plant. NS: not significant
Event Number of T1 progenies Cas9-negative

T1 progenies
(of which edited)

X2 square
(1:1)

2A 10 4 (2) 0.1 NS
2 G 10 3 (1) 0.9 NS
7A 10 5 (2) 0 NS
11A 10 3 (0) 0.9 NS
11G 10 4 (3) 0.1 NS
Total 50 19 (8)

Events Alleles Reads 
counts

Total reads Allele % Expected Allelic ratios 
Standard:Variant:Edited

RSY1 Standard 65252 99216 65.77 2:1b NS
Variant 33964 34.23

CLASSE Standard 46212 88624 52.14 1:1b NS
Variant 42412 47.86

2A Standard 136172 405156a 33.61 1:1:1 NS
Variant 121561 30.00
−4 133224 32.88

2 G Standard 126279 377916a 33.41 1:1:1 NS
Variant 119580 31.64
−4 34259 31.90

7A Standard 73 52608a 0.00 0:1:1 NS
Variant 26863 51.06
−5 25551 48.57

11A Standard 128536 288058 a 44.62 1:1:1 *
Variant 95329 33,09
−1 55619 19,31

11 G Standard 99514 307127 a 32.40 1:1:1 NS
Variant 97596 31.78
−3 105744 34.43

NS: not significant (deviations between expected and observed read numbers lower that 5%). *: deviations 
between expected and observed read numbers greater than 5%
a The total number of reads is lower than the sum of reads of the previous column because the rare, chi-
meric alleles are not presented here (see Table 4; online resource 8B) but contribute to the totals. For the 
same reason, the sum of the percentages for each event is lower than 100 because the rare alleles contribute 
to the totals
bEdited alleles are not present in control plants

Table 3  GSA alleles present in 
non-transgenic control plants 
(RSY1 and classe) and five edited 
T0 plants assessed through deep 
sequencing. Mutated alleles are 
highlighted in bold
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Event 7A presented a 1:1 ratio of a −5 deletion allele and 
the variant allele, and lacked the standard allele (73 reads 
only, below the threshold adopted to filter true editing events, 
Online Resource 8B). Thus, we considered 7A a 100% edit-
ing event. The other transgenic events (1A, 1 G, 5A, 5 G, 
12A, 14A, 17A, 17 G, 27A) did not present edited alleles 
at frequencies greater than 1.17% (Online Resource 8B), 
thus we considered them as non-edited, although they car-
ried rare edited alleles in the chimeric state (Table 4). Over-
all, considering plants 2A and 2 G as clones, we obtained 4 
independent editing events in 14 transgenic plants, giving 
an editing efficiency of 28.6%.

The power of deep sequencing allowed us to detect sev-
eral deletion alleles with very low frequencies in all trans-
genic events, both edited and non-edited (Online Resource 
8B). The rare alleles were chimeric and thus we assume that 
they were the products of DSBs occurred not in the primary 
regenerating cell but during subsequent plant development 
phases. The number of rare alleles per plant ranged from 0 
to 8 (Table 4).

Outcomes of clonal and sexual reproduction

Interestingly, vegetative reproduction resulted in some nov-
elties in allelic frequencies. Plant 11A presented a −1 dele-
tion with a 19.31% frequency, indicating a chimeric state; 
of the two clonal plants we tested, one lacked this mutation 
and had wild type allele frequencies, whereas one had an 
increased frequency of the mutation (26.92%) (Fig. 3). This 
indicates that the shoots that gave rise to these clonal plants 
were originated from somatic cells with different genotypes. 
We also noticed that the number of rare alleles was higher in 

the expected 33% in case of a solid mutation, indicating 
a chimeric state. Event 11 G had a solid −3 deletion allele 
(Online Resource 8B), thus it is an independent editing 
events from 11A, likely occurred during the second regen-
eration cycle of 11A on gabaculine selection. Thus, 11 G 
likely derives from a non-edited cell of chimeric 11A, in 
which the editing machinery acted during the second regen-
eration step.

Table 4  Number and frequencies of rare chimeric alleles (−1 to − 8 
deletions) in nine alfalfa CRISPR-Cas9 transgenic plants and their 
clonal and sexual (T1) progenies, as estimated by deep sequencing. 
Source data can be found in Online Resource 8B
Event T0 T0 cloneda T1 progenyb Average of 

single non-
transgenic 
T1 plants

1A 0 2 0 0.60
1 G 0 - 1 0.67
2A 0 0 1 0.50
2 G 0 - 0 0.33
5A 1 2 1 1.00
5 G 1 - 1 -
7A 1 1 1 1.00
11A 1 2 1 0.67
11 G 1 4 1 0.50
12A 1 - 1 -
14A 5 - - -
17A 4 8 2 1.00
17 G 4 - 5 1.43
27A 2 - 1 1.00
Means 1.50 2.38 1.23 0.79
aCombinations of three clonal plants. bBulks of 10 T1 plants. -: not 
tested

Fig. 3  Allele frequencies of event 
11A and two clonal progenies 
obtained by herbaceous cuttings. 
Due to the chimeric conditions of 
the mother plant, the −1 deletion 
allele was not transmitted to one 
clonal progeny (above), while 
when all three alleles were trans-
mitted (below) their frequencies 
changed
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in efficiency (up to 85%) of the CRISPR/Cas9 system in 
alfalfa was obtained by multiplex gRNAs expressed in 
a single polycistronic unit (Wolabu et al. 2020; Miller et 
al. 2022). New approaches, such as fusing Cas9 with the 
exonuclease Trex2 (Pan et al. 2025) may also be applied to 
enhance mutation efficiency in alfalfa.

Deep sequencing of PCR products spanning the target 
site (Tsai et al. 2011) is the only method allowing to detect 
the sequences of all the alleles generated by editing, even 
rare, chimeric ones. Three solid deletion events (−3, −4 or 
−5) out of 14 transgenic events analized were recovered 
(Online Resource 8B). Among the hundreds of mutations 
that were detected through deep sequencing, only deletions 
were observed. The complete lack of insertions or substi-
tution in this work is consistent with previous reports of 
gene knockout experiments in alfalfa, showing 100% short 
deletions (1–5 bp, Frare et al. 2022; 1–7 bp; Bottero et al. 
2021), or a large majority of deletions (with a few cases of 
1 bp insertions or substitutions: Gao et al. 2018; Miller et al. 
2022; Wolabu et al. 2020, 2023, 2024; Singer et al. 2022; Ye 
et al. 2022; Xia et al. 2025). Only in one work, 1 bp inser-
tions were very frequent and 1 bp substitutions were com-
mon (Chen et al. 2020).

To our knowledge, there are no reports of HDR in M. 
sativa, and we did not observe it in this experiment, either. 
Hegde et al. (2021) provided a successful example of HDR-
mediated replacement of a late blight susceptibility allele 
with a resistance allele of the StCCoAOMT gene in auto-
tetraploid potato. These Authors used a donor sequence to 
correct a nonsense point mutation in the gene; as in our 
experiment, the donor was modified so that it could not be 
targeted by the sgRNAs and amplified by a viral replicon 
strategy (Baltes et al. 2014). Two homozygous edited plants 
were obtained in which all four alleles had been replaced 
and showed enhanced late blight resistance. The use of 
viral replicon to increase the number of donor DNA mol-
ecules increased the HDR efficiency in other species, such 
as tomato, rice and wheat (Baltes et al. 2014; Čermák et al. 
2015; Gil-Humanes et al. 2017). In this work the BeYDV 
viral replicon was deployed in alfalfa with no success, how-
ever alternative viral replicons, such as the wheat dwarf 
virus (WDV) and tomato leaf curl virus (ToLCV) (Čermák 
et al. 2017), could be also explored. Interestingly, in a recent 
approach an in vivo tethering of donor DNA with Cas9 
fused to a viral replication protein (WDV-derived) achieved 
higher co-localization of the repair template in proximity of 
the target site enanching HDR in rice (Zhou et al. 2025). In 
a recent work in potato, the protoplast delivery of a single 
strand DNA donor in target orientation outperformed other 
donor configurations in HDR efficiency (González et al. 
2025). The same strategy may find application in alfalfa, 
as the use of protoplasts as delivery methods, allowing 

several T0 clonal progenies (events 1A, 5A, and 11A, 11 G, 
17A) than in the parental plants (Table 4). This gain of rare 
alleles may be due to Cas9 activity in somatic cells during or 
after clonal reproduction. In clonal progenies of event 7A, 
the standard allele was rare (frequency 0.00–0.42%), while 
the variant allele and a −5 deletion allele were in a 1:1 ratio 
as in the mother plant (Online Resource 8B).

The T1 progenies obtained from crosses of T0 transgenic 
plants with the non-transgenic pollen donor Classe did not 
contain any new, solid mutated alleles (Online Resources 
8A, B), indicating that there was no editing in the mega-
spore mother cells or the egg cells. The average number of 
rare, mutated alleles in the bulks of ten T1 plants per event 
was 0.51 (calculated from data in Online Resource 8B). This 
indicates that DSBs occurred during embryo or plant devel-
opment of transgenic T1 plants, albeit at very low frequency. 
Surprisingly, the non-transgenic T1 segregants, where Cas9 
was not present, contained a few, rare mutated alleles, on 
average 0.79 per plant (Table 4).

Discussion

In this work, to assess the feasibility of CRISPR-Cas9 
precise editing in autotetraploid alfalfa by HDR, we tar-
geted the second intron of the single-copy GSA gene. We 
reasoned that, due to the expected low frequency of HDR 
events, if we had targeted an exon we would have obtained 
knockout mutants for one or more GSA alleles leading to a 
detrimental or lethal condition, being GSA an essential gene 
(Rosellini et al. 2007; Ferradini et al. 2011b). It could be 
objected that, by targeting an exon, it would have been pos-
sible to apply a strong selection pressure for HDR-derived 
edited alleles using gabaculine during the transformation 
process. However, in the absence of HDR, gabaculine 
selection would have completely prevented regeneration, 
precluding the possibility to obtain NHEJ-derived mutants. 
The choice of an intron for the target site strongly limited 
our gRNA design options, thus only one suitable target in 
the second intron was found.

The transformation efficiency we attained in this work 
(6.55%) was relatively low compared to previous experi-
ments in our lab (Rosellini et al. 2007; Barone et al. 2008; 
Ferradini et al. 2011a,b; Nicolia et al. 2014). The reason 
for this is not known. Even though the small sample size 
of 14 regeneration events did not allow us to draw defini-
tive conclusions about the efficiency of our genome editing 
protocol, using a single sgRNA we obtained an editing effi-
ciency (measured as percent edited plants with respect to the 
number of T0 transgenic plants) of 28.6%, similar or higher 
compared to previous reports in alfalfa (see references in 
the Introduction). Recently, a significant improvement 
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We were interested in investigating the effects of clonal 
and sexual reproduction on editing outcomes for their prac-
tical implications in plant breeding. The chimeric state of 
mutations can give rise to novel genotypes upon reproduc-
tion of edited plants and the need to recover solid from chi-
meric mutants in mutation breeding of clonally reproduced 
plants is common knowledge. In genome editing, adventi-
tious or axillary shoot induction can result in dissociation 
of chimeric edited plants (Walter et al. 2025). For example, 
Charrier et al. (2019) selected stable phytoene desaturase 
mutants through prolonged in vitro culture of chimeric 
edited events in apple. In our work, vegetative reproduction 
by stem cuttings induced changes of allele frequencies in 
event 11A, likely due to random somatic segregation of chi-
meric mutations in plant tissues from which the vegetative 
propagule was derived, suggesting that chimeric mutants 
may yield solid mutants upon vegetative reproduction.

The continued activity of the DSB machinery in somatic 
cells can also be useful in polyploid plants in which simul-
taneous mutation of all the alleles may not be obtained at 
one time. We documented that 11A, having a −1 deletion 
allele in the chimeric state, when subjected to a new in 
vitro regeneration cycle gave rise to a new solid −3 deletion 
allele in 11 G. This demonstrates that the editing machinery 
was activated during in vitro culture. In rice, Cas9-induced 
mutations can occur either before or, more often, after of the 
first somatic embryo cell division (Zhang et al. 2014). Over-
all, our observations suggests that in vitro or in vivo cloning 
of plants expressing CRISPR-Cas9 may be a tool to isolate 
the desired mutations in polyploids.

Sexual reproduction did not appear to stimulate muta-
genic Cas9 activity in this work. Ito (2024) observed new 
mutations appearing in F1 progenies of a sgRNA-Cas9 
transgenic tomato plant crossed with a non-transgenic plant. 
He suggested that crossing can be a convenient way to 
induce new mutations in a target gene, even in genotypes 
not amenable to in vitro regeneration. Our observations 
did not support this concept and suggest that during female 
gametogenesis the editing machinery was not active (Wang 
et al. 2015). However, the fact that the non-transgenic T1 
segregants lacking Cas9 contained a few rare, edited alleles 
might imply that during embryo development the editing 
machinery present in maternal tissue of the developing seed 
have been transported to some cells of the embryo resulting 
in a chimeric plant with very low editing frequencies.

The choice of promoter driving the Cas9 gene can be 
a key factor in sexual transmission of edited alleles. For 
example, it has been suggested that driving Cas9 by the 
AtUBQ1 promoter instead of the CaMV35S promoter can 
result in higher editing frequency of T1 plants and higher 
transmission rate to the T2 generation in Arabidopsis, pos-
sibly due to weak expression of the CaMV35S promoter in 

high parellelism and throughput in genome editing experi-
ments, holds promise for enanching the recovery of even 
rare HDR events (Prestwich et al. 2024). Nevertheless, the 
esablishment of a complete protoplast transfection proto-
col for genome editing applications in alfalfa has yet to be 
developed.

Sanger and deep sequencing revealed the unforeseen 
presence of a variant GSA allele in the lab genotype RSY1. 
This allele previously escaped our molecular analysis of the 
GSA gene due to insufficient coverage of cloned amplicon 
sequencing. The two alleles differ only at intronic sequences, 
so it may be surprising that they were also present in the 
unrelated Classe genotype used as pollen donor in this work. 
The reason why these two alleles are conserved in geneti-
cally distant germplasm suggests a functional significance 
of both variants. However, the alfalfa genome published by 
Chen et al. (2020) does not contain the variant allele.

Event 7A and its clonal progenies lacked the standard (tar-
geted) allele and presented a 1:1 ratio between a −5 deletion 
mutant and the variant allele, instead of the expected 2:1. 
This may be due to a large DSB-induced deletion removing 
one primer binding site in one of the two standard alleles, 
resulting in lack of amplification and inability to detect it. 
Large deletions are not rare among NHEJ-derived mutants 
(Ma et al. 2017; Kosicki et al. 2018; Park et al. 2022). If 
this was the case, event 7A would be a biallelic mutant for 
a −5 deletion and a larger deletion. We attempted to detect a 
larger deletion in event 7A by amplifying the target site with 
a primer (MsGSA-EDIT2R, Online Resource 1) hybridizing 
855 bp downstream of the target site. The only amplicon we 
obtained was the one expected without deletion (1494 bp, 
not shown), indicating that, if a deletion occurred, it should 
have been larger than 855 bp, so to include the primer bind-
ing site.

We documented segregation between the Cas9 gene and 
mutated alleles in almost all the T1 progenies. One non-
transgenic T1 plant received two edited alleles from the T0 
mother plant, showing that non-transgenic edited plants 
can be obtained by sexual reproduction in tetraploid alfalfa 
(Singer et al. 2022).

Deep sequencing allowed us to identify many alleles 
generated by NHEJ-mediated repair, even rare ones. All 
the transgenic plants, both edited and non-edited, had vari-
able numbers of deletion alleles at very low frequencies in 
the chimeric state, very likely deriving from the continued 
activity of the editing machinery during the development 
of the plant from the original transgenic cell. This was also 
observed in soybean (Jacobs et al. 2015) and in alfalfa (Chen 
et al. 2020). Chimerism was also hypothesized by Singer et 
al. (2022), based on digital droplet PCR analysis of distinct 
branches of edited alfalfa plants.
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