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Alfalfa (Medicago sativa L.) forage quality is adversely affected by lignin deposition in cell walls at advanced maturity stages. Reducing lignin content through RNA interference or antisense approaches has been shown to improve alfalfa forage quality and digestibility. We employed a multiplex CRISPR/Cas9-mediated gene-editing system to reduce lignin content and alter lignin composition in alfalfa by targeting the COUMARATE 3-HYDROXYLASE (MsC3H) gene, which encodes a key enzyme in lignin biosynthesis. Four guide RNAs (gRNAs) targeting the first exon of MsC3H were designed and clustered into a tRNA-gRNA polycistronic system and introduced into tetraploid alfalfa via Agrobacterium-mediated transformation. Out of 130 transgenic lines, at least 73 lines were confirmed to contain gene-editing events in one or more alleles of MsC3H. Fifty-five lines were selected for lignin content/composition analysis. Amongst these lines, three independent tetra-allelic homozygous lines (Msc3h-013, Msc3h-121, and Msc3h-158) with different mutation events in MsC3H were characterized in detail. Homozygous mutation of MsC3H in these three lines significantly reduced the lignin content and altered lignin composition in stems. Moreover, these lines had significantly lower levels of acid detergent fiber and neutral detergent fiber as well as higher levels of total digestible nutrients, relative feed values, and in vitro true dry matter digestibility. Taken together, these results showed that CRISPR/Cas9-mediated editing of MsC3H successfully reduced shoot lignin content, improved digestibility, and nutritional values without sacrificing plant growth and biomass yield. These lines could be used in alfalfa breeding programs to generate elite transgene-free alfalfa cultivars with reduced lignin and improved forage quality.
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Introduction

Alfalfa (Medicago sativa. L) is a perennial legume forage crop widely cultivated in the world for livestock feed as it provides highly nutritious forage (Singer et al., 2018; Chen et al., 2020). Alfalfa is grown for hay, silage, dry pellets, or used directly for grazing as a quality source of proteins for livestock (Zhou et al., 2011; Barros et al., 2019b). The fast-growing perennial growth habit of alfalfa makes it ideal for multiple harvests within one growing season (Singer et al., 2018; Wolabu et al., 2023). The herbaceous nature of alfalfa plants with abundant lignocellulosic biomass yields and the ability to thrive in a variety of soil conditions make it a promising next-generation source of feedstock for biofuels (Hisano et al., 2009; Tong et al., 2015). Alfalfa leaves are more nutritious than stems, since high lignification in stems is a limiting factor to cell wall digestion, and any improvement that helps to liberate nutrients embedded in stems during digestion results in overall benefits for forage animals (Lacefield, 2004; Shadle et al., 2007; Getachew et al., 2018; Wolabu et al., 2023). Therefore, lignin is one of the most important limiting factors for forage nutritional quality (Getachew et al., 2018; Singer et al., 2018; Wolabu et al., 2023). Forage digestibility is negatively correlated with lignin content, which limits the nutritional value of forage crops (Li et al., 2008). Normally, lignin binds with structural carbohydrates (cellulose and hemicellulose) and cell wall proteins, thus reducing nutrient availability (Capstaff and Miller, 2018). Hence, lignin severely affects the digestibility of proteins and other nutritive components (Capstaff and Miller, 2018). Previous studies showed a strong negative correlation between lignin content and sugars released by enzymatic hydrolysis, implying that low lignin content correlates with high released carbohydrate levels (Chen and Dixon, 2007; Ziebell et al., 2010; Tong et al., 2015; Park et al., 2017).

Lignin is one of the most abundant biopolymers and a key structural component crucial for integrity of cell wall and stem strength in plant growth and development (Hisano et al., 2009; Liu et al., 2018; Dixon and Barros, 2019; Vanholme et al., 2019). In plants, lignin plays an important role in protecting plants from adverse environmental stresses, including mechanical damage, drought, low temperature, and resistance to various pests, serving as a mechanical barrier (Li et al., 2008; Bhuiyan et al., 2009; Gallego-Giraldo et al., 2014; Liu et al., 2018; Dixon and Barros, 2019; Vanholme et al., 2019). In addition, lignin functions as a conduit for the transport of water and nutrients through the plant vascular system (Liu et al., 2018; Dixon and Barros, 2019; Vanholme et al., 2019).

Lignin is a phenolic polymer synthesized through the phenylpropanoid pathway, which involves multiple enzymes and intermediates (Dixon et al., 2001; Vanholme et al., 2010; Barros et al., 2019a). The pathway begins with the conversion of the aromatic amino acid phenylalanine to cinnamic acid through the action of the enzyme phenylalanine ammonia-lyase (PAL) (Dixon and Paiva, 1995). Cinnamic acid is then converted into three major monomers, also known as monolignols, namely p-coumaryl alcohol, coniferyl alcohol, and sinapyl alcohol, through the concerted action of cinnamate 4-hydroxylase (C4H), 4-coumarate CoA ligase (4CL), hydroxycinnamoyl-CoA shikimate/quinate hydroxycinnamoyltransferase (HCT), p-coumaroyl shikimate/quinate 3-hydroxylase (C3H), caffeoyl-CoA 3-O-methyltransferase (CCoAOMT), ferulate 5-hydroxylase (F5H), caffeic acid/5-hydroxyferulic acid O-methyltransferase (COMT), cinnamoyl-CoA reductase (CCR), and cinnamyl alcohol dehydrogenase (CAD) (Boerjan et al., 2003; Hisano et al., 2009; Vanholme et al., 2010). These monolignols are transported to plant cell walls where they are oxidized by apoplastic peroxidases and laccases to form lignin polymers in different patterns (Vanholme et al., 2010; Barros et al., 2019a).

Coumarate 3-hydroxylase (C3H) belongs to a large family of cytochromes P450 and is one of the key enzymes in lignin biosynthesis (Reddy et al., 2005; Ralph et al., 2006; Ziebell et al., 2010; Tong et al., 2015). C3H uses p-coumaroyl shikimate as a substrate to direct the synthesis of guaiacyl and syringyl monolignols (Hisano et al., 2009; Ziebell et al., 2010; Ralph et al., 2012; Tong et al., 2015). Given its central role in the synthesis of S and G lignin, C3H has been targeted to reduce lignin content and alter composition in multiple plant species. Downregulation of C3H at the RNA level in alfalfa leads to reduced lignin content and altered composition with improved digestibility (Reddy et al., 2005; Ralph et al., 2006; Ziebell et al., 2010; Tong et al., 2015; Getachew et al., 2018). Downregulation of C3H in poplar and maize also leads to reduced lignin content and altered composition with improved saccharification efficiency for biofuel and pulping industries (Ralph et al., 2012; Fornalé et al., 2015).

Genome editing approaches, such as CRISPR/Cas9, have revolutionized the field of plant biotechnology through genome engineering, facilitating important trait-driven improvement in major crop species (Chen et al., 2020; Wolabu et al., 2020a, 2020b; Bottero et al., 2021; Zheng et al., 2021; Bao et al., 2022; Kumar et al., 2022; Nerkar et al., 2022; Singer et al., 2022; Wolabu et al., 2023). CIRSPR/Cas9 has been employed to manipulate lignin content in various plant species to improve the efficiency of lignocellulose processing and enhance forage quality, digestibility, and saccharification efficiency (Park et al., 2017; Jang et al., 2021; Afifi et al., 2022; Roy et al., 2023; Wolabu et al., 2023; Laksana et al., 2024). A recent study that altered flowering time via multiplex-CRISPR/Cas9 edition of a florigen in alfalfa generated promising lines with improved biomass yield and quality (Wolabu et al., 2023). Editing the switchgrass 4CL gene has also been shown to generate mutant lines with reduced lignin content and improved sugar release (Park et al., 2017). Genome-editing has also been applied in wood species for lignin manipulation. By targeting CAFFEOYL SHIKIMATE ESTERASE (CSE) and PHBMT1 in poplar, Zhao et al. (2021) and Jang et al. (2021) demonstrated that precise editing of targeted genes via CRISPR/Cas9 can improve plant lignocellulosic biomass production with less lignin. Recently, Sulis et al. (2023) reported the impact of an assembled multiplex CRISPR/Cas9 genome editing strategy by targeting six genes, namely C3H, CCoAOMT, AldOMT, PAL, C4H, and CAD, in poplar. They used different multigenic approaches to edit these genes to improve the chemical and physical properties of the woody plant and achieve optimized fiber production for the pulping industry. Edited lines exhibited varying degrees of loss-of-function mutations in the target genes with biallelic loss-of-function editing of all target genes (Sulis et al., 2023). Sugarcane lignin content reduction (up to 51% with high S/G ratio) was achieved using the CRISPR/Cas9 genome editing system by targeting SoLIM transcription factors that are involved in the lignin biosynthesis pathway (Laksana et al., 2024). In this regard, modern genome editing approaches offer great opportunities to reduce lignin content and/or to alter composition to improve product quality without compromising plant growth and resilience. This is one of the breeding goals to improve forage nutritional quality and fiber production (Park et al., 2017; Wolabu et al., 2020a; Nerkar et al., 2022; Roy et al., 2023; Sulis et al., 2023; Wolabu et al., 2023).

In this study, four specific target gRNAs were designed to knock out the alfalfa C3H (MsC3H) gene using a previously optimized multiplex CRISPR/Cas9 system to manipulate lignin content and composition for forage quality improvement. The generated tetra-allelic homozygous Msc3h mutant lines showed significantly reduced lignin content and a low level of ADF and NDF with no significant difference in biomass yield but with improved digestibility and nutritional values. These lines could be integrated into alfalfa breeding programs to generate elite transgene-free alfalfa cultivars with reduced lignin and improved forage quality.





Materials and methods




Plant materials and growth conditions

Alfalfa (Medicago sativa L.) cultivar, Regen-SY4D, was used for genome editing and genetic transformation. CRISPR/Cas9-edited lines and the non-edited control (empty vector-EV) were grown in greenhouse under conditions of 22°/19°C day/night temperature, 16/8 h day/night photoperiod, 150 µmol.m-2s-1 light intensity, and 70%-80% relative humidity. All alfalfa lines analyzed in this study were maintained and vegetatively propagated via stem cuttings.





Multiplex gRNAs-CRISPR/Cas9 vector construction and plant transformation

To permanently mutate the alfalfa C3H (MsC3H) gene, we used a previously optimized efficient multiplex gRNAs-CRISPR/Cas9 system (Wolabu et al., 2020a) to generate tetra-allelic mutants in the complex alfalfa genome. To examine any potential genotypic SNPs that might influence the genome-editing efficiency due to mismatch among four alleles of MsC3H, the genomic DNA fragment of MsC3H spanning the target region was amplified from the Regen-SY4D genomic DNA by PCR and cloned into the pGEM-Teasy vector (Promega, Madison, WI, USA). At least twenty clones were randomly picked for Sanger sequencing to determine the sequence identity and presence of any SNPs in the conserved coding regions of four alfalfa alleles. Four MsC3H gRNAs, gRNA1-CCATACCCACTTCCCATCAT, gRNA2- ACAAAACTCTCAAACATCTA, gRNA3- TGAGGTTTTTGATATTGGTG, and gRNA4-TGGGGTATCATGGAAGAAGC upstream of respective PAM, AGG, TGG, AGG and TGG sites, were designed to target the first exon of the MsC3H gene using the web-based tool CRISPR-P (http://cbi.hzau.edu.cn/cgi-bin/CRISPR) (Lei et al., 2014). All designed gRNAs (spacers) were inserted between tRNA and gRNA scaffolds to be clustered in a tandem manner using the Golden Gate assembly method (Engler et al., 2008). The pGTR plasmid, which contains the tRNA-gRNA fragment, was used as a template to synthesize the polycistronic tRNA-gRNA (PTG) for construction of the multiplex tRNA-MsC3H spacer-gRNA (Xie et al., 2015; Wolabu et al., 2020a). First, the overlapping PCR products were purified using the Spin Column PCR Product Purification Kit (Promega, Madison, WI, USA) following the manufacturer’s instruction (www.promega.com). The PCR products containing four MsC3H-spacers were then inserted into the optimized vector with the AtU6-tRNA-MsC3H-gRNAs-AtUBQ10-Cas9-pRGEB31-bar backbone by digestion and ligation using Fok I (NEB) and BsaI (Wolabu et al., 2020a). Insertion of all multiplexed gRNAs into the CRISPR/Cas9 module was verified by DNA sequencing. The resulting binary vector, MsC3H-gRNA-CRISPR/Cas9, was transformed into the Agrobacterium tumefaciens strain, EHA105. Agrobacterium-mediated transformation of alfalfa was carried out following the protocol described earlier by Wolabu et al. (2020a) to generate CRIPR/Cas9-edited alfalfa Msc3h mutants.





Genotyping of CRISPR/Cas9-edited Msc3h lines

To identify and select CRISPR/Cas9-edited Msc3h lines, multiple rigorous genotyping steps were applied. First, the transgenic lines were screened by PCR for presence or absence of the BAR gene using BAR gene specific primers (PPT-F + PPT-R). The BAR gene-positive transgenic lines were subjected to a second PCR amplification of the target region spanning the designed gRNAs with MsC3H-specific primers, followed by Sanger sequencing. The amplified PCR products were purified after treating with enzymes Antarctic phosphatase and exonuclease I (Wolabu et al., 2020a) and sequenced using the Sanger sequencing method to determine the mutation signature (double peak in the electropherogram upstream of PAM) in at least one of the gRNAs (gRNA1, gRNA2, gRNA3, and gRNA4). Then, transgenic lines considered as putative heterozygous and/or chimeric were selected and subjected to phenotypic analysis for desirable traits. Furthermore, promising lines with desirable phenotypes were characterized for homozygosity by cloning the target regions spanning the gRNAs (gRNA1, gRNA2, gRNA3, and gRNA4) into the pGEM-T Easy vector. Twenty colonies were randomly picked for each mutant line, and each plasmid DNA was sequenced using the Sanger sequencing method to determine the nature of mutation events in each Msc3h line (homozygous, heterozygous, or chimeric mutation) by aligning the reads with the reference sequence using the SeqMan Pro 15.0.1 (DNASTAR software for life scientists) (https://www.dnastar.com/quote-request/). All primer pairs used to genotype the plasmids and the transgenic lines in this study are listed in Supplementary Table S2.





Tissue sampling and lignin composition analysis

For lignin analysis, stem samples were harvested at the early flower bud growth stage (the stage when 10% of the plants showed first flower buds). Pooled stem sections between node 4 and 7 from the bottom were collected and dried at a fixed temperature of 55° ± 5°C for 10 days followed by grinding into powder using a Wiley mill. The ground samples were extracted with chloroform/methanol (2:1, v/v), methanol, and water. Lignin composition was determined using a modified thioacidolysis method as described previously (Chen et al., 2021), with 4,4′-ethylidene bisphenols as the internal standard. The total lignin contents are represented by the sum of total thioacidolysis monomer yields. Three technical replicates were used in the first lignin analysis of independent transgenic lines on a single plant basis (a total of 55 Msc3h lines). Based on the first record of lignin analysis and phenotyping of desirable agronomic traits, three promising candidate lines, Msc3h-013, Msc3h-121, and Msc3h-158, were selected for further analysis of lignin composition using six biological replicates.





Determination of forage nutritional quality

To determine the forage biomass yield and nutritional quality (digestibility and nutritional values) of three selected Msc3h lines, above-ground plant tissues (stems and leaves) were harvested when 10% of plants showed their first flower buds. Forage nutritional quality assessment was carried out at the Ag Services and Resources Core Facility (ASRC), Noble Research Institute, LLC. Sample grinding and processing were performed following procedures described by Gou et al. (2018). Forage nutritional quality was determined with the near infrared reflectance spectroscopy (NIRS) system using a Foss NIRS 6500 monochromator with a scanning range of 1100-2500 nm (Foss NIR System). The following forage nutritional quality parameters were measured: acid detergent fiber (ADF), neutral detergent fiber (NDF) in percentage of dry matter basis, total digestible nutrients (TDN), relative feed value (RFV), in vitro dry matter digestibility (IVTDMD), crude protein (CP) content, minerals including magnesium (Mg), potassium (K), calcium (Ca), and phosphorus (P) content.





Statistical analysis

At least six plants for each independent line were used as biological replicates for statistical analyses. Data shown in graph bars represent the mean ± SD. The analyses were performed using the Microsoft Excel software and the asterisks indicate significant differences based on Student’s t-test (*** p<0.001, ** p<0.01, * p<0.05). The relative advantage (%) of the tested lines over the control (EV) was calculated as the performance of the tested line minus the control divided by the control and multiplied by 100 [(Line tested – EV)/EVx100 = %].






Results




Generation, screening, and analysis of CRISPR/Cas9-mediated Msc3h mutant lines

In this study, we mutated the MsC3H gene in alfalfa by employing a multiplex CRISPR/Cas9 system (Wolabu et al., 2020a). Four gRNAs were designed in the first exon of MsC3H at 111 bp (gRNA1), 156 bp (gRNA2), 465 bp (gRNA3), and 572 bp (gRNA4) downstream of the translation start codon, segments containing no SNPs across all four alleles of MsC3H, using CRISPR-P 2.0 (http://cbi.hzau.edu.cn/cgi-bin/CRISPR) (Lei et al., 2014) (Figure 1A, C). One hundred and thirty BAR (selection marker gene) positive lines were generated via Agrobacterium-mediated transformation. To identify CRISPR/Cas9-edited mutant lines, the target region spanning all four gRNAs were amplified from all 130 lines using a pair of primers flanking the target region (Supplementary Table S2). Of the 130 transgenic lines, 73 lines were identified as putative Msc3h mutant lines with at least one mutation signature (double peaks in sequencing chromatograph) at one of the target gRNA sites by Sanger sequencing of the PCR amplicons (Figure 1B). Of the 73 putative candidates, 55 lines were selected for lignin analysis based on phenotypic evaluation of desirable agronomic traits. Based on the results of lignin analysis, 12 candidate lines with reduced lignin content and altered composition were propagated for further characterization and statistical validation. Finally, three Msc3h mutant lines (Msc3h-013, Msc3h-121, and Msc3h-158) that exhibited similar growth patterns as control, empty vector (EV) plants (Figure 2F) were selected for analysis of the nature of mutation events at the target sites prior to a deeper analysis of lignin content and composition (Figure 3). The results showed that mutant line Msc3h-013 had an 8-bp deletion and a 1-bp “T” insertion in Allele 2 (A2) and Allele 3 (A3), respectively, at gRNA1, and 21-bp deletions in A1 and A3 upstream of the PAM of gRNA2 (Figure 3). Moreover, a deletion of 63 bp between gRNA1 and gRNA2 in A4 had occurred, removing the entire sequence between gRNA1 and gRNA2 (Figure 3). Similarly, 1-4 bp deletions and 1-bp insertion upstream of PAM at gRNA3 were detected in four different alleles of Msc3h-013 (Figure 3). Consequently, the mutation events at gRNA3 of Msc3h-013 were sufficient to cause 100% tetra-allelic homozygous mutation and knock out the gene at a single site. Overall, the combined multiple mutation events occurred at gRNA1, gRNA2, and gRNA3 made line Msc3h-013 a 100% tetra-allelic homozygous mutant (Figure 3, Supplementary Figure S1A). Similarly, analysis of mutant line Msc3h-121 showed 8- and 9-bp deletions in A2 and A4, respectively, along with a 1-bp “C to T” substitution in A1 at gRNA1 (Figure 3). Msc3h-121 also showed 21-bp deletions (in A2 and A4) at gRNA2, 4-bp deletions (in A1 and A2) and a 1-bp “T” insertion (A3 and A4) at gRNA3 (Figure 3), making it a 100% tetra-allelic homozygous mutant. Therefore, the combined overall mutation events detected in Msc3h-121 at three specific targets (gRNA1-3) led to a 100% tetra-allelic homozygous mutant (Figure 3, Supplementary Figure S1B). Diverse mutation events were also detected at gRNA1, gRNA2 and gRNA3 of the mutant line Msc3h-158 (Figure 3, Supplementary Figure S1C). Mutation analysis indicated that 5-bp and 7-bp deletions (in A3 and A4) occurred at gRNA1 followed by 15-bp deletions (A1 and A2) and a 5-bp deletion (A3) at gRNA2 (Figure 3). At gRNA3, five different types of mutation events occurred across all four alleles of the MsC3H gene, including 1-bp deletion in A1, 2-bp deletion in A2, 3-bp deletion in A3, and 4-bp deletion in A4 (Figure 3, Supplementary Figure S1C), along with a 4-bp deletion and a 1-bp insertion in one of the alleles, indicating the chimeric nature of mutation events in Msc3h-158. Interestingly, the chimeric mutation also showed 100% homozygosity and the combined mutation events detected at gRNA1, gRNA2, and gRNA3 similarly produced 100% tetra-allelic homozygosity in the mutant line Msc3h-158 (Figure 3, Supplementary Figure S1C). In summary, mutation event analysis indicated diverse mutation efficiencies and mutation events in gRNA1, gRNA2, and gRNA3 with complete mutations in all four alleles (copies) in the three selected mutant lines, Msc3h-013, Msc3h-121, and Msc3h-158 (Figure 3, Supplementary Figure S1A-C). The overall mutation efficiency at gRNA3 was higher than that of any other gRNAs. The mutagenesis efficiency at gRNA3 was 32%, followed by 19% at gRNA2 and 4% at gRNA1, while gRNA4 had the lowest mutagenesis efficiency with only 2% (Figure 1B), which might be the reason why we did not detect mutations at gRNA4 in the selected three lines Msc3h-013, Msc3h-121, and Msc3h-158 (Figure 3). All mutation events in these three lines occurred in the framework of designed gRNA1, 2, and 3 at 1-3 bp upstream of the PAM regions with a dominance of small deletions (1-9 bp). These results further highlight the usefulness of multiplex CRISPR/Cas9 system in maximizing the chances of obtaining knockout or edited mutants in the target genes through a single transformation event.




Figure 1 | Schematic illustration of alfalfa COUMARATE 3-HYDROXYLASE (MsC3H) gene structure with designed multiplex gRNAs-CRISPR/Cas9 vector and genome editing efficiency in alfalfa. (A) MsC3H gene structure and four guide RNA sites with specific sequences in the coding region. (B) Mutation efficiency (%) of four guide RNAs at different target sites of MsC3H. (C) Illustration of the multiplex construct of MsC3H-gRNA1,2,3,4-CRISPR/Cas9 vector.






Figure 2 | Analysis of lignin content and composition in stem tissues of three selected Msc3h mutant lines Msc3h-013, Msc3h-121 and Msc3h-158. (A) S lignin content (%) in stem tissues of Msc3h lines and EV. (B) G lignin content (%) in stem tissues of Msc3h lines and EV. (C) H lignin content (%) in stem tissues of Msc3h lines and EV. (D) Total (H+G+S) lignin content (%) in stem tissues of Msc3h lines and EV. (E) S/G ratio in stem tissues of Msc3h lines and EV. (F) Phenotype of mutant lines Msc3h-013, Msc3h-121, and Msc3h-158 with EV at early flower bud vegetative growth stage. Data represent mean values (± SD; n = 6). Statistics was analyzed using Student’s t-test (* p < 0.05; ** p < 0.01).






Figure 3 | Molecular analysis of MsC3H mutation events (deletions/insertion/substitution) generated by multiplex gRNAs-CRISPR/Cas9 gene editing at four target sites of MsC3H. Mutation events (deletions, insertions, substitutions) of mutant lines Msc3h-013, Msc3h-121, and Msc3h-158 occurred at each specific target site (gRNA1, gRNA2, gRNA3 and gRNA4) compared to wild type (WT). Deletions are indicated by red dashed lines; insertions or substitutions are indicated by red letters. PAMs are indicated by red underlined italicized letters. The four allelic copies are designated as red allele-1 (A1), allele-2 (A2), allele-3 (A3), and allele-4 (A4).







Analysis of lignin content and composition in Msc3h mutant lines

To determine lignin content and composition (syringyl (S), guaiacyl (G), p-hydroxyl (H) units and total lignin) in all Msc3h mutants, we used stem samples consisting of internodes number 4, 5 and 6 counting from the bottom. Lignin deposition was determined in two phases by using the thioacidolysis method (Chen et al., 2021) for independent Msc3h mutant lines. In the first phase, 55 putative Msc3h mutant lines with various mutation events were analyzed to determine lignin content and composition compared to the non-edited EV control. The results showed a wide range of lignin composition, including the individual content of S, G, and H lignin units and the total lignin content. After performing lignin analysis on the 55 Msc3h lines, we selected 12 lines for vegetative propagation and further assessment of lignin content and composition and nutritional values (Supplementary Figure S2A). These twelve lines showed different agronomic traits with two of the lines having reduced growth while the others showed comparable plant height to the control (Supplementary Figure S2A). Finally, three of the 12 propagated lines (Msc3h-013, Msc3h-121 and Msc3h-158), which were phenotypically comparable to EV and were tetra-allelic homozygous mutants, were selected and subjected to a second round of lignin content and composition analysis. Results showed that all three Msc3h lines had significantly reduced levels of S, G, H monomer yields, and total lignin compared to the EV control (Figure 2A-D). Remarkably, in the line Msc3h-013, the S, G, H monomer yields, and the total lignin content were reduced by 42%, 33%, 39%, and 36%, respectively, compared to EV (Figure 2A-D, Supplementary Table S1). Similarly, line Msc3h-158 showed a reduction of 44%, 37%, 25% and 39% in S, G, H, and total lignin content, respectively, compared to the control. Line Msc3h-121 showed a reduction of 29%, 25%, 20% and 27% in S, G, H, and total lignin content, respectively, compared to EV (Figure 2A-D, Supplementary Table S1). All three Msc3h mutant lines also showed 14%, 7% and 11% relative advantage of S/G ratio for Msc3h-013, Msc3h-121 and Msc3h-158, respectively, over EV (Figure 2E, Supplementary Table S1). In conclusion, disruption of MsC3H substantially reduced key lignin components in selected lines compared to the control (Figure 2A-E, Supplementary Table S1).





Analysis of forage digestibility and nutritional quality in Msc3h mutant lines

Given the significant reduction in lignin content in the selected Msc3h lines (Msc3h-013, Msc3h-121, and Msc3h-158), we evaluated the nutritional parameters of forage quality (ADF, NDF, TDN, RVF, IVTDMD, CP and macro-minerals) in whole shoot tissues of these lines at flower bud growth stage (Figure 4A-F, 5A-D). The results showed that all three mutant lines had significantly lower levels of ADF with a relative advantage of 7-11% over EV (Figure 4A, Supplementary Table S1). Likewise, Msc3h-013 and Msc3h-158 also showed significantly reduced level of NDF with 9-13% relative advantage over EV (Figure 4B, Supplementary Table S1). Although not statistically significant, the NDF content in Msc3h-121 was lower than that in EV with a relative advantage of 8%. In a similar trend, the nutritional values (specifically, TDN and RFV) in the three lines were significantly higher than that in EV (with 9-13% and 14-23% relative advantage over the EV for TDN and RFV, respectively) (Figure 4C, D, Supplementary Table S1). Highly significant (p < 0.001) elevation of IVTDMD was also recorded in mutant lines Msc3h-013 and Msc3h-158 with a relative advantage of 8% and 10% over EV, respectively (Figure 4E, Supplementary Table S1), followed by Msc3h-121 with a relative advantage of 5% over EV, which was not statistically significant (Figure 4E, Supplementary Table S1). We also analyzed nutritional parameters such as crude protein (CP) and mineral contents in the three Msc3h mutant lines. Interestingly, Msc3h-013 showed a significantly higher CP content with a relative advantage of 30% over EV (Figure 4F). Similarly, Msc3h-013 showed a significantly high level of P, Ca and Mg content with a relative advantage of 15%, 11% and 27%, respectively, over EV (Figure 5A, B, D). Although not statistically significant, Msc3h-121 and Msc3h-158 also showed high levels of CP and four microminerals (P, Ca, K, and Mg) compared to EV (Figure 4F, 5A–D). Overall, the mutant line Msc3h-013 had the lowest lignin content, which was reflected by higher digestibility and nutritional values, followed by Msc3h-158, which ranked second based on lignin analysis (Figure 2A-E, 4A–E). In conclusion, these results indicate that the multiplex CRISPR/Cas9-mediated gene editing system generated Msc3h mutant lines with significantly reduced lignin content and improved digestibility and nutritional quality.




Figure 4 | Analysis of forage quality in aboveground (leaves and stem) tissues of Msc3h mutant lines. (A) Acid Detergent Fiber (ADF) content (%) in Msc3h lines and EV. (B) Neutral Detergent Fiber (NDF) content (%) in Msc3h lines and EV. (C) Total Digestible Nutrients (TDN) content (%) in Msc3h lines and EV. (D) Relative Feed Value (RFV) (%) in Msc3h lines and EV. (E) In Vitro True Dry Matter Digestibility (IVTDMD) (%) in Msc3h lines and EV. (F) Crude protein content (%) in Msc3h lines and EV. Data represent mean values (± SD; n = 6) and were analyzed statistically using Student’s t-test (* p < 0.05; ** p < 0.01; *** p < 0.001).






Figure 5 | Analysis of forage macro-minerals contents in aboveground (leaves and stem) tissues of mutant lines Msc3h-013, Msc3h-121 and Msc3h-158 and EV. (A) Phosphorus (P) content (%). (B) Calcium (Ca) content (%). (C) Potassium (K) content (%). (D) Magnesium (Mg) content (%). Data represent mean values (± SD; n = 6) and were analyzed statistically using Student’s t-test (* p < 0.05; ** p < 0.01).



Furthermore, we analyzed the correlation between lignin content/composition (S, G, H, and total lignin) and forage quality parameters, including digestibility (ADF and NDF) and nutritional values (TDN, RFV, IVTMDD and CP) to evaluate the importance of each variable (Table 1 and Supplementary Figure S3A-H, Figure S4A-H, Figure S5A–H). Specifically, S lignin and total lignin showed a positive correlation with ADF with R2 = 0.52 and 0.50, respectively (Supplementary Figure S3A, D, Table 1), while S, G, and total lignin were positively correlated with NDF with R2 = 0.65, 0.62, 0.64, respectively (Supplementary Figure S3E, F, H, Table 1). However, the correlation between H lignin and ADF and NDF was consistently weaker than other lignin parameters (Supplementary Figure S3C, G, Table 1). On the other hand, S lignin was negatively correlated with TDN (R2 = 0.52), RFV (R2 = 0.62), IVTDMD (R2 = 0.75) and CP (R2 = 0.62) (Supplementary Figure S4A, E, S5A, E, Table 1). Similarly, G lignin and total lignin showed a moderate negative correlation with TDN, RFV, IVTDMD and CP (Supplementary Figure S4B, D, F, H, S5B, D, F, H, Table 1). Results of correlation analysis suggest that lignin content and composition directly alter forage nutrition quality. In summary, we generated Msc3h mutant lines with significantly reduced lignin content and improved digestibility and nutritional quality using the multiplex CRISPR/Cas9-mediated gene editing system.


Table 1 | Correlation analyses of lignin composition vs forage quality traits in alfalfa Msc3h lines.








Discussion

Forage digestibility is negatively affected by lignin deposition in the feedstock (Baucher et al., 1999; Reddy et al., 2005). A number of studies targeting genes involved in lignin biosynthesis, such as COMT, CAD, C4H, C3H, HCT, F5H, and CCoAMT, via RNA interference or antisense approaches have shown the value of reducing lignin content in increasing forage digestibility of alfalfa plants (Marita et al., 2003; Reddy et al., 2005; Ralph et al., 2006; Shadle et al., 2007; Ziebell et al., 2010; Tong et al., 2015; Getachew et al., 2018; Singer et al., 2018; Barros et al., 2019b). However, transgenic approaches such as RNA interference, antisense, or artificial microRNA, which all manipulate gene functions at the RNA level and depend on sustained expression of transgenes in each generation, may suffer from transgene instability or silencing under field conditions, making these approaches less predictable (Jung and Altpeter, 2016). In this study, with the objective of overcoming these issues, we employed a multiplex CRISPR/Cas9 gene-editing approach to mutate the alfalfa C3H gene (MsC3H) at the DNA level and analyze the impact of altering lignin content and composition on plant growth and forage digestibility. In three Msc3h mutant lines, namely Msc3h-013, Msc3h-121 and Msc3h-158, small Indels just upstream of the PAM regions of respective gRNAs were the most frequent mutations (Figure 3, Supplementary Figure S1A-C). Furthermore, large fragment deletions of 21-63 bp between gRNA1 and gRNA2 also occurred in the mutant line Msc3h-158, with 100% tetra-allelic homozygosity (Figure 3, Supplementary Figure S1C). Overall, analysis of editing events showed diverse mutation types in each specific target region with the highest mutagenesis efficiency in gRNA3 (Figure 1B). Consistent with these findings, similar mutation events with small Indels and some large, truncated fragments were observed in previous studies of alfalfa genome editing system targeting MsPDS, MsPALM1, MsSGR, MsSPL8, and MsFTa1 genes (Chen et al., 2020; Wolabu et al., 2020a; Singer et al., 2022; Wolabu et al., 2023).

Remarkably, Msc3h mutant lines identified as tetra-allelic homozygous showed expected reduced lignin content and altered lignin composition in stem samples (Figure 2A-D). Interestingly, the results of thioacidolysis analysis showed wide ranges of lignin reduction in Msc3h-013 and Msc3h-158 followed by Msc3h-121 with S lignin content lower than G lignin content (Figure 2A, B). Our results also showed a greatly reduced H lignin content, unlike previous reports on downregulation of the C3H gene using RNAi/antisense approaches (Chen and Dixon, 2007). The discrepancy of the H lignin contents between our study and the previous study could be attributed to the partial loss of function in the antisense/RNAi system and the complete loss of function in the gene-editing system. Overall, Msc3h mutant lines had significantly reduced lignin content compared to the control (Figure 2A-D, Supplementary Table S1). Furthermore, the three Msc3h mutant lines also exhibited reduced S/G ratio compared to EV plants. Previously, Reddy et al. (2005) reported the possibility of producing phenotypically normal alfalfa plants with strong downregulation in C3H activity and reduced lignification, which is in line with our Msc3h knockout results. The authors also suggested that there is no relationship between S/G ratios and digestibility, whereas the total lignin content is highly correlated with digestibility (Reddy et al., 2005). In summary, reduced components of lignin composition (monomeric units S, G, and H) were achieved in all three selected Msc3h mutant lines when compared to the EV control (Figure 2A-E, Supplementary Table S1).

The aim of this study was to reduce lignin content in alfalfa to improve forage digestibility and nutritional values by mutating the MsC3H gene. Small change in forage digestibility significantly influences animal performance efficiency (Shadle et al., 2007). The assessment of forage nutritional quality in the three Msc3h mutant lines (Msc3h-013, Msc3h-121 and Msc3h-158) showed a significant impact of reducing lignin content in improving standard forage quality parameters (ADF, NDF, TDN, RVF, IVTDMD, CP and macro-minerals) (Figure 4A-F, 5A-D). The three promising mutant lines consistently had lower levels of ADF and NDF and higher levels of TDN, RFV and IVTMDD compared to EV (Figure 4A-E). This is consistent with previous reports that decrease in ADF and NDF is associated with decrease in lignin content (Shadle et al., 2007; Getachew et al., 2018; Wolabu et al., 2023). Crude protein and mineral content were also significantly increased, thus enhancing forage quality. Among the three lines, Msc3h-013 showed significantly higher crude protein (CP) content with a relative advantage of 30% over EV (Figure 4F) and significantly higher levels of Mg (27%), P (15%) and Ca (11%) relative to EV (Figure 5A, B, D). Overall, the mutant line Msc3h-013 exhibited the lowest lignin content with superior improvement in digestibility and nutritional values, but slightly lower dry matter yield (Supplementary Figure S2B). Msc3h-121 and Msc3h-158 showed desirable agronomic traits comparable to the control (EV) without a significant effect on dry matter (Supplementary Figure S2B). Reduced biomass yield has been reported when C3H expression is strongly downregulated in transgenic alfalfa lines (Chen and Dixon, 2007). Furthermore, Reddy et al. (2005) targeted three specific cytochrome P450 enzymes involved in lignin pathway and generated transgenic lines with different lignin content and composition in alfalfa, suggesting the importance of fine-tuning the level of C3H or C4H expression to eliminate the possibility of reduced growth. In a similar manner, Chen and Dixon (2007) used alfalfa transgenic lines expressing antisense constructs for downregulation of six genes (including MsC3H) to determine the relationship between lignin content/composition and chemical/enzymatic saccharification. However, our study targeted a single gene (MsC3H) for forage quality improvement. The difference in the results obtained in this study and those previously reported in relation to the content and composition of lignin and agronomic parameters of nutritional quality could be attributed to the technology used, the germplasm, environmental conditions, and/or developmental factors that influence the complex biosynthesis of monolignols. However, as a trade-off for the reduction in dry matter, Msc3h-013 showed superior performance in digestibility that substantially benefits nutritional values, CP, and mineral contents. This line could be used as a valuable genetic resource in alfalfa breeding programs. Decreases in ADF and NDF are associated with decreases in lignin components (Shadle et al., 2007; Getachew et al., 2018; Wolabu et al., 2023). Recently, we employed the CRISPR/Cas9 system to target the MsFTa1 gene in alfalfa to delay flowering and found that the resulting late flowering Msfta1 mutant lines produced not only greater biomass, as expected, but also had reduced lignin and fiber content (Wolabu et al., 2023). Such findings suggest that it is possible to design efficient gRNAs to knock out multiple genes with combined developmental traits, such as delayed flowering, delayed senescence, and reduced lignin traits to improve biomass yield and nutritional quality in alfalfa (Wolabu et al., 2020a, 2023).

In conclusion, we generated Msc3h mutant lines with significantly reduced lignin and enhanced forage digestibility and nutritional quality using the multiplex CRISPR/Cas9-mediated gene editing system. These promising Msc3h mutant lines could be useful genetic resources in alfalfa breeding programs for the development of transgene-free mutant lines and germplasm enrichment.
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Supplementary Figure 1 | Molecular analysis of mutation events in lines Msc3h-013, Msc3h-121, and Msc3h-158. (A) Mutation events occurred in Msc3h-013 at gRNA3 with one to four nucleotide deletions and one nucleotide insertion. (B) Mutation events occurred in Msc3h-121 at gRNA3 with one to four nucleotide deletions and one nucleotide insertion. (C) Mutation events occurred in Msc3h-158 at gRNA3 with one to four nucleotide deletions and one nucleotide substitution. All three promising Msc3h lines showed tetra-allelic homozygosity at gRNA3, generating 100% tetra-allelic homozygous mutations in MsC3H. Red arrows show PAM (protospacer adjacent motif) sequences.

Supplementary Figure 2 | (A) Phenotype of twelve selected Msc3h mutant lines at flower bud vegetative stages showing different agronomic traits as compared to EV. Tetra-allelic homozygous lines with reduced lignin content and composition were propagated for replicated statistical analysis. (B) Analysis of dry weight (g) of three selected promising candidate Msc3h mutant lines vs EV.

Supplementary Figure 3 | Correlation analysis of lignin composition of stems with forage quality traits in Msc3h mutant lines. (A) S lignin (%) x ADF (%). (B) G lignin (%) x ADF (%). (C) H lignin (%) x ADF (%). (D) H+G+S lignin (%) x ADF (%). (E) S lignin (%) x NDF (%). (F) G lignin (%) x NDF (%). (G) H lignin (%) x NDF (%). (H) H+G+S lignin (%) x NDF (%).

Supplementary Figure 4 | Correlation analysis of lignin composition of stems with forage quality traits in Msc3h mutant lines. (A) S lignin (%) x TDN (%). (B) G lignin (%) x TDN (%). (C) H lignin (%) x TDN (%). (D) H+G+S lignin (%) x TDN (%). (E) S lignin (%) x RFV (%). (F) G lignin (%) x RFV (%). (G) H lignin (%) x RFV (%). (H) H+G+S lignin (%) x RFV (%).

Supplementary Figure 5 | Correlation analysis of lignin composition of stems with forage quality traits in Msc3h mutant lines. (A) S lignin (%) x IVTDMD (%). (B) G lignin (%) x IVTDMD (%). (C) H lignin (%) x IVTDMD (%). (D) H+G+S lignin (%) x IVTDMD (%). (E) S lignin (%) x CP (%). (F) G lignin (%) x CP (%). (G) H lignin (%) x CP (%). (H) H+G+S lignin (%) x CP (%).

Supplementary Table 1 | Relative advantage (%) of lignin and nutrition quality in alfalfa Msc3h mutant lines over EV (control).

Supplementary Table 2 | Sequences of primers used in this study.
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Type of mutation events detected at target sites of Msc3h mutant lines

gRNA1 gRNA2

CCATACCCACTTCCCATCATAGG ACAAAACTCTCAAACATCTATGG

A1-CCATACCCACTTCCCATCATAGG  G------- 21bp -------- CTATGG
A2-CCATACCCAC - - -- ---- ATAGG  ACAAAACTCTCAAACATCTATGG
A3  G------- 21bp -------- CTATGG
CCATACCCACTTCCCATTCATAGG

A4-CCATACCCACTTCCCATC - == = === = = e ee =63bp = == = = = = == =-
- TATGG

A1-CCATACCCACTTCCCATCATAGG  ACAAAACTCTCAAACATCTATGG
A2-CCATACCCA --- --- --CATAGG G ------- b2 1 1)) (R CTATGG
A3-CCACACCCACTTCCCATCATAGG  ACAAAACTCTCAAACATCTATGG

A4-GCATACEEAC -~ - - -TidGG | G- 20bpe CTATGG

A1-CCATACCCACTTCCCATCATAGG AC- - - = == == = ——- - CTATGG
A2-CCATACCCACTTCCCATCATAGG AC- - - - - - - -—--CTATGG
A3-CCATACCCAC - -- - ---CATAGG  ACAAAACTCTCA - - - -- CTATGG
A4-CCATACCCACT - - - --TCATAGG  ACAAAACTCTCAAACATCTATGG

gRNA3

TGAGGTTTTTGATATTGGTGAGG

TGAGGTTTTTGAT - -- - GTGAGG
TGAGGTTTTTGATATT - GTGAGG
TGAGGTTTTTGATATTGTGTGAGG
TGAGGTTTTTGATATTGG - GAGG

TGAGGTTTTTGAT - - - - GTGAGG
TGAGGTTTTTGAT - - - - GTGAGG
TGAGGTTTTTGATATTGTGTGAGG
TGAGGTTTTTGATATTGTGTGAGG

TGAGGTTTTTGATATT - GTGAGG
TGAGGTTTTTGATAT - - GTGAGG

TGAGGTTTTTGATATTG- - -GTGAGG

TGAGGTTTTTGAT - - - - GTGAGG
TGAGGTTTTTGAT - - - GC - GAGG

gRNA4

TGGGGTATCATGGAAGAAGCIGG

TGGGGTATCATGGAAGAAGCTGG
TGGGGTATCATGGAAGAAGCTGG
TGGGGTATCATGGAAGAAGCTGG
TGGGGTATCATGGAAGAAGCTGG

TGGGGTATCATGGAAGAAGCTGG
TGGGGTATCATGGAAGAAGCTGG
TGGGGTATCATGGAAGAAGCTGG
TGGGGTATCATGGAAGAAGCTGG

TGGGGTATCATGGAAGAAGCTGG
TGGGGTATCATGGAAGAAGCTGG
TGGGGTATCATGGAAGAAGCTGG
TGGGGTATCATGGAAGAAGCTGG

Overall mutation status

Non-edited wildtype sequence

100% tetra-allelic homozygous
due to the combination of 1-63
bp deletions and 1 bp insertion
at gRNA1, gRNA2 and gRNA3.

100% tetra-allelic homozygous
due to the combination of 4-21
bp deletions, 1 bp insertion, 1
bp substitution at gRNA1,
gRNA2 and gRNA3.

100% tetra-allelic homozygous
due to the combination of 1-9
bp deletions and 4 bp
substitutions at gRNAI1,
gRNA2 and gRNA3. Chimeric
mutation detected at gRNAJ.
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