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Establishment of a tissue culture—free genetic transformation system for alfalfa and

its applications in salt—tolerance gene functional characterization and gene editing
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Abstract: There are substantial challenges in the genetic improvement of alfalfa (Medicago sativa) , a globally
important forage crop, because of the limitations of conventional transformation methods. These methods are time-
consuming, genotype-dependent, and reliant on labor-intensive tissue culture processes. To address these issues,
we developed a rapid, tissue culture-free transformation system for alfalfa. This system was developed and optimized
using the alfalfa cultivar Longmu 806. The system employs Agrobacterium rhizogenes-mediated infection combined
with a simple stem-pricking infiltration method. This innovative approach eliminates the need for callus induction and
somatic embryogenesis, enabling the generation of transgenic chimeric alfalfa within just 14 days—a dramatic

reduction compared with the 3—6 months typically required with traditional protocols. We used this system in two
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applications: 1) Rapid functional analysis of the MsRCI2D gene, which conferred enhanced salt tolerance in
transgenic chimeric plants, as evidenced by increased antioxidant enzyme activities, decreased reactive oxygen
species accumulation, and improved ion homeostasis under 200 mmol-1."'NaCl stress; and 2) Establishment of an
efficient guide RNA screening platform using the RUBY reporter system, which achieved a 23.07% editing
efficiency in transformed roots, providing a robust and visual tool for optimizing CRISPR gRNAs. This
breakthrough transformation strategy addresses major bottlenecks in alfalfa genetic engineering—namely genotype
dependence and prolonged timelines—and offers a powerful platform for high-throughput gene function studies,
abiotic stress tolerance improvement, and precision genome editing. By integrating simplicity, speed, and high
efficiency, our system holds transformative potential for both fundamental research and molecular breeding in alfalfa
and other recalcitrant forage crops.
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I TC ) e A8 T B s o V5 SR DG B 3 C g BT B A, FP6410, 13 ) b iV A v 1l £ 05, X6 i R A5 000 22
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1.4.1 Cas9 RGHEAL w0 M 4 M4y 5 MsPALM-1 3] I8 2 H PAM JF 518 NGG. R4 gRNA
BT R SR AL S B REAT S 57 -20 bptNGG-3" BB L, [A) I GC & 5 AR T 40 % , bk A B3 35 & A g SNP 5
AR A5, I AT RE B R T 1 R AE 5 i A B L N o 3B 7R 2 T H 3 BT gRNA H AR TSI A O e RS A
MsPALM-1 % [ i %8 i #E A7 A5 (1) o

gRNA2
GGAGACGAGCACGGTCGCGG

A 4

CGGTCAGCTCAAGCTCTTGG
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1 MsPALM-1EFE gRNA$BfL S8
Fig.1 The gRNA target sequence of MsPALM-1

LA A (RNA T gRNA JF 519 pG TR #ARAE R B4, 3 1 8007 s R R 510, JF S 8 A B 4 H B2 1
DB AT P A S R B TSI R 2 S-1: GCTAACTCTGGATAACAAAGCACCAGTG, AS-
1: GCGGTCTCAGTGCTCGTCTCCTGCACCAGCCGGGAA; S-2: TAGGTCTCATCAAGCTCTTGG
GTTTTAGAGCTAGAA, AS-2: GCGGTCTCAGCGGTCTCATTGAGCTGACCGTGCACCAGCCGGGAA ;
S-3: TAGGTCTCATCAAGCTCTTGGGTTTTAGAGCTAGAA, AS-3: TAGGTCTCAATATAAAAA
AAGCACCGACTCGGTGCC, ¥4 3% 42 77 W it N K #1F 0 DHS o J8% 52 25 40 M, Bk Che 1 v B 1 17 1 7% PCR %
JE I T 55 TR 3T 8 Y TE R
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il ¢ HFHEM g

Puncture Subsegmental puncture Segmental puncture

d 1 F1.0~1.5cm W F0.5~1.0 cm %5 R0~0.5 cm
1.0-1.5 cm below nodes 0.5-1.0 cm below nodes 0-0.5 cm below nodes

g 2E 1R 2F J21% 2F 3R 7 H4IR
Puncture 1 time Puncture 2 times Puncture 3 times Puncture 4 times

B2 AEFHAXERBROEKRER
Fig. 2 Growth of hairy roots in different puncture methods

(a) % il i #% B i #2 Puncture preparation and procedure; (b)E 15 2¢ #il # 1t & Bk AR Dip and puncture transformed hairy roots; (¢) 17 5 T 28 4l
Subsegmental and segmental punctured hairy roots; (d) 5 A A & 2¢ ] Different locations of below nodes punctured hairy roots; (e)¥5 F 0.5~1.0 cm

Ak 25 A AS [ 2L Different times of punctured hairy roots from 0.5—1.0 cm below the node.
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Fig. 3 Statistical comparison of hairy root growth after 14 days of treatment by different transformation methods

(a) 7 575 T 28 41 Statistics on hairy root growth of subsegmental and segmental punctured branches; (b) A A {7 # 35 T~ %8 il Below nodes punctured
branches at different locations; (¢) 7 F 0.5~1.0 cm Ab %¢ $ A [6] ¥k %% Punctured branches with different number of times from 0.5—1.0 cm below the node.
oy 22 B ) 3 Extremely significant difference (P<<0.0001). 7R [ /NG 5% B 38 7% AN [ 2 fil o 8 5 AS [ 28 il ok 8508 22 5 | 3 (P<<0.05) . Different

lowercase letters indicate significant differences ( P<<0.05) among different puncture locations or frequencies.

ARAY B MRS (P<<0. 001, Pl 2¢ AP 3a) o £E L RERl L k55 T AN [ (7 8 59 55 o 8OR HEAT H B, A9 R 0. 5~
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1.5em Ay 1.56.1.084% (18l 2d #1 K1 3b) .
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B R 290 oA i 30 41 19 9. 73.3. 32.5. 76 £ , BIR MR Hl i o HoAh {30 41 19 3. 08 .1, 69.3. 48 4% . S A
I R BOTT 4 R AR AR AT B A AR e R (22 g ) N BE B MR A5 A0 A K TR I T AR A R AR AR R AT AR Y
P

BT LIRS 0w R R AL B E AR AT B 1 L M SRR B Sk, 40 X il S R HUR IR AT
HEE RS F0.5~1. 0 cm Zb A7 3UCEE Ml (& 2a) o ARFRJS YA S0 B4R Bl 41 1 (2: D) YL T P, (R R0
FEIE BOGIRA M T 3%, 14 d 5 nDULER B B ARAR 1 77 A o 5 3% 2 A v TR FE 7K 0 B A 22 R
2.1.2  FREEBAGHARCRIAL AR s A R AL BARAR A A AR R A 8200 . B T pMDC123 # ik #5
W GFP 5 JE IR, BRI A8 56 % 18 008 T R DU AR v 1 2 Y45 5, 245 51 /R 9 A B IR AR B AT B B8 19 2% (0 298 O (1A
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ik MsRCIZD , {5 5 36 1 B 453 05 B A R g0 vk, L it
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2.2.2  #H e R M AR R i A Ak S PR ey AR
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OFR & 5 B 22 5 A 1 3 (I Se~e) o SR, 76 3 Wit
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— M E ERAR O A AL B ARG (SOD) (i
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154 ﬂ-
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¥k %& Strains

4 ERIREAEELEE

Fig. 4 Identification of hairy root positive seedlings

(a) MsRCIZD 3£ ] Y B R AR %€ Y Fluorescence observation of hairy roots of
MsRCI2D gene; (b) B R AR B4 1 PCR % % PCR identification of hairy
(c) B # 1 5% i 2¢Ot & & PCR Real-time
quantitative PCR of positive seedlings; M: 4> T & #5 i Trans 2K DNA
Marker; — : 4% XF #8 Negative control; + : BH 1 X} B8 Positive control;
WT: B A A B Wild-type plant; D;~Dy, Dys, Dyg: MsRCIZD 3 RS [H]
ik #k % Plants transformed with MsSCIZD. % 22 53 # & 3 Extremely
significant difference (P<<0.01).

root positive seedlings;

Eria e A MY E AL B SRR B LR U HUE POD e AR B 5 d

EHEBEIWT B 2.074% . CAT.SOD K GRIGEMEEE AN FE 10 dBF B2 5 T WT(P<<0.05), 45 WT 1. 97,

1.79.1. 04 4% . HILFEH ,MsRCI2D i
SRR ZE AN SERE iR Ao K v
2.2.3 #hhia F%N%ﬁﬂ%%ﬁi%m{t
ERMWF Na® K

Na /K" g Z T+ 5 ,ﬁi@'fj WT e 3 2 5 (P<<0.01),

8N Na B2 F AR, HE R 8 A9 K

N MsRCI2D X 85 1§
(8 55~1) . 7£ 200 mmol-L " NaCl i F , 5% 3 Bk R AR Na®

o R BT S B T AL RE T, X R AR T M AR

SO VHEER I E WT F5E 5L K Ak &
T E K &R R,
X 45 BE W, MsRCIZD W = 32158 B T REAR 5L i

T AR Nat /K,

2.3 AR RUBY 4 B # 3 T AL gRNA Bi 55 it 4k &

2.3.1 A PAR S E B HE

BT 2 1@ IR R i

AT T gRNA R RO i R G 8 o SR ]

HALM M B GE T T RUBY AT WAL 16 45 5 MO MERG M . 50 BREFE AL MR 7 36 BRFE VI 11 Ab Kt B R AR, B RAR 1Y

AR A 7206 (18 6a) o Horpr, 26 bR BARAR S 2060, % Ho gt
R, 78 TC 5 21 205 5% 09 DRl 3t 1% 5 AL IR 3R vh RUBY i 5 56 TR AT S22 30 FH 44 7 5k A1 AL ok 1 ] 0 £k s 322

PCR KGN i BB, IF B A B 5K A A6

4T Bar 3 PCR %22 (8 6b) , PCR FHME A 5] 100% .
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Fig. 5 Phenotypic analysis of alfalfa chimeras transgenic for the MsRCI2D gene under salt stress
D,, D,: AN[F#¥ MsRCI2D i #k Different trans-MsRCI2D plants; *: 2% 5 [ 3 Significant difference (P<C0.05) ; **: 2% 5% # i 3 Extremely significant
difference (P<<0.01).
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Fig. 6 Identification of hairy root positive seedlings and sanger sequencing results

(a) 21 (0 E R AR 2 1 Red hairy root phenotype; (b) R AR BH % % 22 Hairy root positive identification; (¢)Sanger illl J¥* 45 2 Sanger sequencing results;
M: DL2000 Marker; — : BA 1 X} i Negative control; WT: Hj £ % Wild type; + : FH P %t B Positive control; 1~6: BH 7 11 % % Positive seedling
identification; WT : HF 4= ! Wild type; MsPALM-1/2: BT IRARHR 530 5 45 2R Positive trichome root sequencing results.
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