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Abstract

In this article, we describe a set of novel alfalfa (Medicago sativa L.) plants that hyper-accumulate Phosphate ion (Pi) at levels 3- to 6-fold
higher than wild-type. This alfalfa germplasm will have practical applications reclaiming Pi from contaminated or enriched soil or be used in
conservation buffer strips to protect waterways from Pi run-off. Hyper-accumulating alfalfa plants were generated by targeted mutagenesis
of PHOSPHATE2 (PHO2) using newly created CRISPR/Cas9 reagents and an improved mutant screening strategy. PHO2 encodes a ubiqui-
tin conjugating E2 enzyme (UBC24) previously characterized in Arabidopsis thaliana, Medicago truncatula, and Oryza sativa. Mutations of
PHO2 disrupt Pi homeostasis resulting in Pi hyper-accumulation. Successful CRISPR/Cas9 editing of PHO2 demonstrates that this is an effi-
cient mutagenesis tool in alfalfa despite its complex autotetraploid genome structure. Arabidopsis and M. truncatula ortholog genes were
used to identify PHO2 haplotypes in outcrossing tetraploid M. sativa with the aim of generating heritable mutations in both PHO2-like
genes (PHO2-B and PHO2-C). After delivery of the reagent and regeneration from transformed leaf explants, plants with mutations in all
haplotypes of PHO2-B and PHO2-C were identified. These plants were evaluated for morphology, Pi accumulation, heritable transmission
of targeted mutations, segregation of mutant haplotypes and removal of T-DNA(s). The Agrobacterium-mediated transformation assay and
gene editing reagents reported here were also evaluated for further optimization for future alfalfa functional genomic studies.
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Introduction
Plants require mineral nutrients for growth and survival and
mineral nutrients are critical for cellular and developmental pro-
cesses. One of the most essential plant macronutrients support-
ing global food systems and ensuring high crop yields is
phosphorus (P). P is absorbed by the plant from the soil in the
form of available Pi. However, it is quickly adsorbed onto soil par-
ticles or utilized by microbes, leaving �20% available for plant
use. Consequently, Pi is often present in low concentrations, even
when the soil concentration of P can be high (Raghothama 1999).
Levels of soil P can be mitigated by application of commercial fer-
tilizer or manure treatments. However, repeated applications can
lead to temporary P surpluses in the soil that can be eroded into
lakes, streams or rivers, damaging water quality and causing the
eutrophication of aquatic ecosystems. Moreover, animal farms
large and small wrestle with manure management issues and
the potential pollution of water in their drainage areas. Pi is a

finite resource mined from only a few locations worldwide. Some
estimates citing rates of use predict that the current supply will
be exhausted in the coming decades while other estimates sug-
gest a range between 50 and 350 years (Vance et al. 2003; Heffer
and Prud’homme 2013). Improving Pi usage in agriculture is
needed to improve food security and will require multiple strate-
gies including plant breeding and biotechnology to improve Pi ac-
quisition and efficiency in crop plants; improve management
through soil testing combined with efficient root and foliar P-
applications; remediation technologies for the recovery of P from
sewage, manure, and abattoir waste, or for extracting and recy-
cling P from enriched or contaminated soils (Kratochvil et al.
2006; Noack et al. 2010; Lopez-Arredondo et al. 2014; Gunther et al.
2018; Arsic et al. 2020).

Phytoremediation is an economical strategy that uses plants
to accumulate, remove, or stabilize target substances such as
toxic heavy metals, herbicides, pesticides, or fertilizers and keep
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them from entering streams and groundwater (Salt et al. 1995).
Plants used for phytoremediation are selected for or engineered
to accumulate target substances from the soil or groundwater.
The plant translocates the target substance into aerial shoot and
leaf tissues where it is harvested for recycling or processed appro-
priately. Alfalfa, as a perennial plant, is an excellent candidate
for phytoremediation, largely due to its ability to produce high
dry matter biomass that can be harvested multiple times per
year. Some current examples include the bioremediation of ni-
trate in soil and groundwater resulting from a fertilizer spill
(Russelle et al. 2007), zinc-biofortification (Wang et al. 2021b), and
the removal of environmental contaminants such as polycyclic
aromatic hydrocarbons (Reilley et al. 1996; Fan et al. 2008).

To date, studies on the phytoremediation of Pi from contami-
nated soils have largely been carried out by traditional agronomic
forage crops, such as annual corn silage and alfalfa (Dadson et al.
2011; Gaston and Kovar 2015; Fiorellino et al. 2017). In one study,
alfalfa was shown to remove 17 kg P ha�1 per harvest, with 4 har-
vest per year totaling 68 kg P ha�1 (Kratochvil et al. 2006). So,
while an alfalfa genotype suitable for sound Pi remediation attrib-
utes exists, a true Pi hyper-accumulator capable of removing Pi

from contaminated soils within years rather decades has yet to
be identified from germplasm or breeding collections (Delorme
et al. 2000; Vadas et al. 2018).

Plants have evolved mechanisms to maintain Pi homeostasis.
These regulatory pathways comprise a complex network of tran-
scriptional and post-transcriptional regulatory steps including
the MYB transcription factor PHR1 (PHOSPHATE STARVATION
RESPONSE1), the noncoding RNA IPS1 (INDUCED BY PHOSPHATE
STARVATION1), the microRNAs (miRNAs) miR399, and the
ubiquitin-conjugating E2 enzyme PHOSPHATE2 (PHO2). PHR1
expression positively regulates miR399 expression, which is proc-
essed by DICER-LIKE1 (DCL1) in partnership with DOUBLE-
STRANDED RNA-BINDING PROTEINs (DRBs) to generate miR399
guides that target conserved sites on the PHO2 transcript (Rubio
et al. 2001; Fujii et al. 2005; Bari et al. 2006; Nilsson et al. 2007;
Vald�es-López et al. 2008; Pegler et al. 2020). The IPS1 gene encodes
a noncoding RNA containing a motif with sequence complemen-
tarity to the miR399 guide and can sequester miR399 thereby reg-
ulating the silencing of the PHO2 transcript (Franco-Zorrilla et al.
2007). PHO2 is an important component of the Pi homeostasis
pathway and negatively regulates several Pi transporters at the
protein level. These transporters include PHT1 (PHOSPHATE
TRANSPORTER 1) protein family members, PHO1 (PHOSPHATE1),
and PHF1 (PHOSPHATE TRANSPORTER TRAFFIC FACILITATOR1)
(Liu et al. 2012; Huang et al. 2013; Park et al. 2014). Mutants of
PHO2 were first identified in Arabidopsis and shown to have a 4-
fold increased level of total Pi accumulation in leaf tissue
(Delhaize and Randall 1995; Aung et al. 2006). Other pho2 mutants
have been identified in rice, wheat, and Medicago truncatula (Hu
et al. 2011; Ouyang et al. 2016; Curtin et al. 2017). The short-lived
perennial species from the Ptilotus genera (Amaranthaceae) have
demonstrated impressive tolerance on low and high Pi soil. These
wild-type plants can hyper-accumulate Pi to very high leaf con-
centrations and phenocopy pho2 mutant plants (Ryan et al. 2009;
Hammer et al. 2020). In M. truncatula, there are 3 PHO2-like genes
(MtPHO2-A, MtPHO2-B and MtPHO2-C) with the MtPHO2-A paralog
previously identified by a genome-wide association study to iden-
tify genes associated with phenotypic variation in rhizobial nodu-
lation. In this work, CRISPR/Cas9 and TAL-effector nuclease
reagents generated MtPHO2-A and MtPHO2-B mutant plants. The
Mtpho2-a mutant showed a significant reduction of nodule num-
ber compared with wild-type; however, Pi levels were not

analyzed (�Cermák et al. 2017; Curtin et al. 2017) although, other
labs using these mutants have observed Pi hyper-accumulation
in both the Mtpho2-a, Mtpho2-b, and the Mtpho2-ab double mutant
(Huertas et al. in preparation).

Recent advances in gene editing technologies have enabled
the genetic modifications of a wide range of crops amenable to
genetic transformation and these modifications can be used to
create new traits of interest. This technology has revolutionized
crop plant breeding programs and is particularly suitable for ma-
nipulating plants with multiple allele copies including alfalfa
(Gao et al. 2018; Chen et al. 2020; Singer et al. 2021), soybean
(Curtin et al. 2018), wheat (Wang et al. 2014), potato (Clasen et al.
2016), and banana (Naim et al. 2018). The engineered reagent is
introduced into the plant and generates target-specific DNA
double-stranded breaks that are repaired by mechanisms in the
plant. This action is mostly seamless, but in some cases small in-
sertion or deletion errors are introduced leading to disruption of
target gene function. Moreover, once an edit has been made, the
transgenic reagent and associated DNA can be removed by ge-
netic segregation resulting in transgene-free plants that require
lighter regulation in the USA (Grossman 2019).

In this study, we tested the hypothesis that an impaired PHO2
gene in alfalfa would lead to hyperaccumulation of phosphate.
To create the edited plant, we successfully applied CRISPR/Cas9
technology to tetraploid alfalfa. The resulting alfalfa mutants not
only hyperaccumulate Pi, but they are also promising as a tool for
bioremediation of phosphate contaminated soils.

Materials and methods
Construction of CRISPR/Cas9 binary vector
A web-based sgRNA Designer (Doench et al. 2016) was used to
identify common target sites in the first exon of each of the 4
haplotypes for both PHO2-B and PHO2-C genes. The selected tar-
gets were cloned into a constitutive viral promoter module that
releases individual gRNA targets by either a Csy4 or tRNA splicing
mechanism [Webtools for the Voytas Lab Plant Genome
Engineering Toolkit (umn.edu)] (last accessed 5/3/2022) (�Cermák
et al. 2017). Target guides and Cas9 components were cloned into
the binary vectors pDIRECT_22C (Addgene #91135) or
pTRANS_220 (Adgene #91113), and included the 35S:Cas9:tHSP
cassette, pMOD_A0101 (Addgene #90998), the CmYLCV:tRNA, or
CmYLCV:Csy4 guide RNA module pMOD_B2303 (Addgene
#91068), or pMOD_B2103 (Addgene #91060), respectively, and the
rolD:TREX2 exonuclease module pMOD_C2911 (Addgene
#161764). A step-by-step assembly protocol can also be found at
the following citation (Curtin et al. 2021). Since deploying multiple
guide RNAs with an exonuclease could potentially increase the
incidence of off-target mutations, the new targets were scruti-
nized using the Cas-OFFinder algorithm to reduce this risk (Bae
et al. 2014). The results of this analysis showed negligible poten-
tial off-targets (Supplementary Data 1).

Plant transformation and selection of T0
transformed plants
The binary constructs were transformed into the Agrobacterium
tumefaciens strain LBA4404 by an electroporation protocol and in-
troduced into leaf explants of the alfalfa genotype RegenSY27x
(Seiler 1991) according to a previously described protocol (Samac
and Austin-Phillips 2006). Regenerated transgenic plants were
identified by PCR amplification of the nptII selectable marker as
previously described (Saruul et al. 2002). The T0 transformed
plants were screened for targeted mutagenesis using a
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combination of clone and sequence and PacBio amplicon se-
quencing assays (Curtin et al. 2018, 2021).

Phylogenetic and PacBio long amplicon analysis
A phylogenetic analysis was carried out on genomic clone sequen-
ces to identify haplotype groups of PHO2-B and PHO2-C genes using
a UPGMA tree built with the global alignment with free end gaps, a
cost matrix of 65% similarity (5.0/�4.0) and the Tamura-Nei genetic
distance model in Geneious Prime (Biomatters, Ltd). For the PacBio
amplicon sequencing, conserved primer sequences spanning the
complete 6–7 kb PHO2-B and PHO2-C genomic loci were identified
using the NECs-141 (Pokoo et al. 2018) and medsa. XinJiang
DaYe.gnm1 (Chen et al. 2020) genome assemblies. These primers
were used to generate amplicons by PCR using Q5 Hot Start High-
Fidelity DNA Polymerase kit (New England Bioscience, MA). PCRs
amplicons were quantified by gel electrophoresis, diluted, and used
as template for a second round of PCR using a set of 96 barcoded
primer pairs for multiplexing amplicons containing universal se-
quence tags optimized for Sequel Systems (PN: 101-629-100) accord-
ing to the manufacturer’s specifications (https://www.pacb.com/wp-
content/uploads/Procedure-Checklist-Preparing-SMRTbell-Libraries-
using-PacBio-Barcoded-Universal-Primers-for-Multiplexing-Amplicons.
pdf). Barcoded amplicons were submitted to the University of
Minnesota Genomics Center (UMGC) (https://genomics.umn.edu/) for
purification and sequencing. Subreads sequences were demultiplexed
and processed using the pbcromwell run pb_laa command from the
SMRT Link v9.0 software package. To further analyze processed
sequences, a Geneious Prime workflow was used to automate the
mapping of Pacbio consensus sequences to the PHO2-B and PHO2-C
references sequence files. Scripts and workflows used for processing
sequences can be accessed at (GitHub—shaun-curtin/Targeted-muta-
genesis-of-alfalfa-).

RNA-seq and PacBio Iso-seq analysis
The RNA was extracted using a Qiagen RNeasy Plant Mini kit
according to the manufacturer’s instructions, pooled, and used to
construct libraries for RNA-seq and the Pacbio Iso-Seq to produce
full-length transcripts using Single Molecule, Real-Time (SMRT)
Sequencing. The libraries were validated using a High Sensitivity
Chip on the Agilent 2100 Bioanalyzer. The samples were bar-
coded, multiplexed, and sequenced in an Illumina HiSeq 2000
machine using paired-end reads with 150 cycles. The cDNA li-
brary preparation and sequencing reactions were conducted in
the Biomedical Genomics Center, University of Minnesota. Raw
fastq reads were quality-filtered with Trimmomatic (Bolger et al.
2014) and quality-checked with Fastqc before and after filtering.
Filtered reads were mapped to the medsa. XinJiang
DaYe.gnm1assembly (Chen et al. 2020) that had been modified to
include the genomic sequence of PHO2-B4, using Star (Dobin et al.
2013). The generated bam files and featureCounts (Liao et al.
2014) were used to count uniquely aligned read pairs. Raw fea-
ture counts were then TMM-normalized using edgeR package in R
(Robinson et al. 2010) (Supplementary Data 2). The data were vi-
sualized using the R package, heatmaply (Galili et al. 2018; R Core
Team 2021). For the PacBio Iso-seq analysis, the same RNA was
prepared according to the Iso-Seq Sample Preparation Procedure
and the data processed using tools from the PacBio SMRT Link
v9.0 distribution, beginning with conversion of subreads into con-
sensus sequences and the removal of primer sequences by lima
(v1.11.0). The set of reads corresponding to each of the 2 loci were
independently processed for possible allele-defining variation us-
ing samtools (v1.10). Further information for this analysis can be

found at https://github.com/adf-ncgr/haploallele_utils/releases/

tag/miller_et_al_2021.

PCR and qRT-PCR analyses
The validation of target sequences prior to transformation and

the genotyping by clone and sequencing analysis was carried out

using GoTaq PCR Master Mix reagents and pGEM-T-easy cloning

vector reagent (Promega). For qPCR analysis, DNA-free RNA was

reverse-transcribed by SuperScript IV reverse transcriptase

according to the manufacturer’s instruction (Thermo Fisher

Scientific). Quantitative RT-PCR was performed on a StepOnePlus

machine (ABI) and iTAQ SYBR Green Universal master mix

(BioRad) following the manufacturer’s instructions. Relative

quantitative results were calculated by normalization to Actin2.

All PCR products were verified by sequencing and primers listed

in the Supplementary Data 3.

Plant growth experiments
RegenSY27x alfalfa plants were grown in potting mix (Metro-Mix,

Sun Gro Horticulture) at 24�C day/night temperatures with a pho-

toperiod of 16 h. Three replicates of 20-week-old leaf, stem,

flower, seedpod, root, and nodule tissue were harvested for RNA

extraction. For the qPCR assays, plants were grown similarly, but

were treated with low (10 ppm), optimal (40 ppm), or high P

(60 ppm). For in vitro P experiments, seeds were germinated on

MS media supplemented with sucrose in Plant Cons (MP

Biomedicals, OH) for 4–6 days prior to transfer to media supple-

mented with low (10 ppm) or high P (60 ppm). The seedlings were

grown on this media for an additional 2 weeks prior to harvest.

For soil experiments, plants were generated from cuttings on ver-

miculite. The rooted cuttings were transferred to professional

potting mix (Metro-Mix, Sun Gro Horticulture) supplemented

with Osmocote and 1.5 mg l�1 of Peters fertilizer solution (J. R.

Peters Inc., Allentown, PA). Plants grew for an additional 4 weeks,

when their roots were washed and transferred to 0.5 l pots con-

taining low P Sunshine Mix#2 Basic Soil mix (Sun Gro

Horticulture). After 1 week, fertilizer was applied in the form nu-

trient solution supplemented with 60 ppm of P 3 times per week

(see Supplementary Data 4 for nutrient solution mineral compo-

sition). After 8 weeks, 2 full leaves (minus petiole) were harvested

from nodes 2 to 5 from the top meristem, weighed, and stored for

further Pi analysis.

Soluble Pi measurement assay
Soluble Pi was measured according to a protocol based on Pant

et al. (2008). Briefly, weighed leaf disc samples were homogenized

with a pestle in deionized water, centrifuged for 4 min at

9,000 rpm and the supernatant transferred to a clean tube.

Aliquots were mixed with 1 M HCl and malachite green reagent,

incubated for 15 min at room temperature and measured at

660 nm. The sample Pi concentration was determined by a cali-

bration curve using a phosphate standard solution (P3869,

Sigma-Aldrich).

Statistical analysis
The mean P values were analyzed between mutant and wild-type

plants by 1-way analysis of variance (ANOVA) with Tukey’ post hoc

honestly significant difference (HSD) based on Tukey–Kramer cor-

rection (P value <0.05) and 2-tailed Student’s t-test. The significance

of the data was annotated with asterisks (*) based on the following

criteria: *P� 0.05; **P � 0.01; ***P � 0.001.

S. S. Miller et al. | 3

https://www.pacb.com/wp-content/uploads/Procedure-Checklist-Preparing-SMRTbell-Libraries-using-PacBio-Barcoded-Universal-Primers-for-Multiplexing-Amplicons.pdf
https://www.pacb.com/wp-content/uploads/Procedure-Checklist-Preparing-SMRTbell-Libraries-using-PacBio-Barcoded-Universal-Primers-for-Multiplexing-Amplicons.pdf
https://www.pacb.com/wp-content/uploads/Procedure-Checklist-Preparing-SMRTbell-Libraries-using-PacBio-Barcoded-Universal-Primers-for-Multiplexing-Amplicons.pdf
https://www.pacb.com/wp-content/uploads/Procedure-Checklist-Preparing-SMRTbell-Libraries-using-PacBio-Barcoded-Universal-Primers-for-Multiplexing-Amplicons.pdf
https://genomics.umn.edu/
academic.oup.com/g3journal/article-lookup/doi/10.1093/g3journal/jkac096#supplementary-data
https://github.com/adf-ncgr/haploallele_utils/releases/tag/miller_et_al_2021
https://github.com/adf-ncgr/haploallele_utils/releases/tag/miller_et_al_2021
academic.oup.com/g3journal/article-lookup/doi/10.1093/g3journal/jkac096#supplementary-data
academic.oup.com/g3journal/article-lookup/doi/10.1093/g3journal/jkac096#supplementary-data


Results
Identification of the PHO2 orthologs in alfalfa
The M. truncatula v4.0 and v5.0 assemblies were queried with the
Arabidopsis thaliana PHO2 amino-acid sequence (At2g33770).
PHO2-like orthologs MtPHO2-A (Medtr4g020620/MtrunA17_Chr4g
0009054), MtPHO2-B (Medtr2g013650/MtrunA17_Chr2g0282211),
and MtPHO2-C (Medtr4g088835/MtrunA17Chr4g0047301) were
identified, and each had �75% homology with the A. thaliana
gene amino acid sequence (Supplementary Table 1). The culti-
vated alfalfa at the diploid level (CADLv1.0) assembly was que-
ried using tblastn and the M. truncatula amino acid sequences to
identify ortholog sequences, except for MtPHO2-A, which could
not be identified in alfalfa. These data were used to design pri-
mers to amplify PHO2 genomic and complimentary DNA ampli-
cons from the tetraploid alfalfa RegenSY27x genotype. Multiple
haplotype sequences of putative PHO2-B and the PHO2-C genes
were cloned, sequenced, and grouped according to sequence sim-
ilarity. Some sequence variation was observed between haplo-
types in several of the clones and was likely a result of PCR and
sequencing errors. Next, PacBio Iso-seq sequence data generated
from RegenSY27x was used to further identify the 4 haplotypes
for both genes (Supplementary Fig. 1). These sequences were
aligned to the M. truncatula assembly with reads aligning to
chr2:3696725–3700846 and chr4:35437929–35444569 and were, re-
spectively, identified as PHO2-B and PHO2-C ortholog haplotypes.
No reads aligned to the region chr4:6602462–6607846 correspond-
ing to Medtr4g020620/MtrunA17_Chr4g0009054, MtPHO2-A ortho-
log, although a small number were aligned such that this region
appeared to be intronic (possibly due to using the minimap2 de-
fault of 200kbp for maximum allowed intron lengths, which is
permissive for typical plant genes). The PHO2-B and PHO2-C hap-
lotype sequences were further confirmed, once access to the al-
falfa allele-aware medsa. XinJiangDaYe.gnm1and the

RegenSY27x draft tetraploid assemblies became available (Fig. 1)
(Chen et al. 2020). As already mentioned, MtPHO2-A ortholog gene
could not be identified by genome mapping analyses in either
diploid, tetraploid alfalfa genome assemblies or the PacBio Iso-
seq data, but was confirmed in multiple M. truncatula accessions
including the R108 (HM340) assembly (Moll et al. 2017) and M.
ruthenica (Wang et al. 2021a) (Supplementary Fig. 2). In addition, it
was also observed that the PHO2-B4 haplotype sequence was
missing from medsa. XinJiangDaYe.gnm1 assembly
(Supplementary Fig. 2). This haplotype could be detected in sev-
eral alfalfa genotypes including RegenSY27x, MN Bio IC3

(UMN3988), and a closely related genotype used for the medsa.
XinJiangDaYe.gnm1 assembly (PI 573123) (Supplementary Fig. 3).
Eventually, reliable PHO2-B4 sequence data were obtained from a
RegeneSY27x draft assembly showing that this haplotype was
the most divergent of all the PHO2-B haplotypes with notable se-
quence differences in the promoter and 50UTR and coding
regions, including a 1.4-kb DNA insertion in the fourth intron
(Fig. 1).

Expression analysis of PHO2 in alfalfa
To gather insight into the expression of PHO2-B and PHO2-C genes
in alfalfa, an RNA-seq and an Iso-seq analysis were carried out
on the same RegenSY27x leaf, flower, stem, root, nodules, and
seed pod tissue samples. Since the PHO2-B4 haplotype was not
present in the annotated medsa. XinJiangDaYe.gnm1assembly,
its sequence data were manually concatenated to the assembly
files. The RNA-seq reads were then mapped to then modified files
and visualized. Consistent with expression analysis of PHO2 from
soybean (Libault et al. 2010; Severin et al. 2010) and M. truncatula
(Carrere et al. 2021), PHO2-B expression was observed mostly in
root tissue (Fig. 2a–c). The PHO2-B4, PHO2-B2, and PHO2-B1 haplo-
type sequences had the highest expression while the 4 PHO2-C

Fig. 1. The analysis of PHO2-B and PHO2-C haplotypes. a, b) A schematic representation of the PHO2-B and PHO2-C haplotypes identified in this study.
The CADL haplotypes was initially used to identify reagent target sites and facilitate the cloning of genomic clones from RegenSY27x. Each haplotype
would be assigned a chromosome number based on its sequence similarity to its haplotype in the medsa. XinJiangDaYe.gnm1 assembly. For example,
PHO2-B1-chr2.1, gene002451 and PHO2-C4-chr4.4, gene33796. In addition, the genomic sequences for all of the PHO2-B and PHO2-C haplotypes were
identified in a prereleased draft version of the RegenSY27x version x0.9 genome assembly. Notable similarities and some differences can be observed
between the haplotypes of medsa. XinJiangDaYe.gnm1 and RegenSY27x version 0.9 assemblies. In addition, the sequence data from the RegenSY27x
assembly demonstrated the reliability of the Iso-seq data used initially to identify haplotypes prior to the availability of tetraploid assemblies. The
cloned sequence of PHO2-B4 (clone #1-52) used as a placeholder for most this study and was likely a chimera of the PHO2-B3 and PHO2-B4 genomic
clones possibly resulting from PCR template swapping.
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haplotype sequences had minimal expression across each tissue.
The RNA-seq data detected a slightly higher PHO2-C2 expression
that was not observed in the lesser read depth Iso-seq data.

To validate the next-generation sequencing (NGS) analyses,
quantitative RT-PCR data were generated from the RNA of
RegenSY27x P-treated leaf and root tissue. The expression of
PHO2-B and PHO2-C haplotypes in optimal P-treatment was
mostly consistent with the NGS analysis, though the design of
haplotype-specific primer pairs to amplify individual PHO2-C2
and PHO2-C3 transcripts was initially challenging, and some
coexpression of these transcripts cannot be ruled out (Fig. 2a–f).
However, in the treated plants, transcript expression levels mod-
ulated in accordance with either high or low phosphate

treatment with the greatest differences in expression observed
for the PHO2-B transcripts in roots between low and high P treat-
ments. This modulation is likely the result of post-transcriptional
gene silencing of PHO2-B and possibly PHO2-C transcripts by Pi

starvation induced expression of miR399. The conserved plant
miR399 targets PHO2-like transcripts for silencing during low Pi

conditions, a phenomenon that has been reported in Arabidopsis,
M. truncatula, wheat, and rice (Bari et al. 2006; Pant et al. 2008; Park
et al. 2014; Ouyang et al. 2016). To confirm that PHO2-B and PHO2-
C transcripts were targets of miR399 in alfalfa, the target sites
were identified and a modified RNA ligase-mediated rapid ampli-
fication of cDNA ends (RLM-RACE) assay (Branscheid et al. 2010)
was carried out to confirm transcript cleavage. Haplotype specific

Fig. 2. Expression analysis of PHO2-B and PHO2-C genes in alfalfa. a) RNA-seq reads from flower, stem, nodules, seedpod, leaf, and root tissues from the
RegenSY27x genotype were mapped to a modified medsa. XinJiangDaYe.gnm1 assembly (Supplementary Data 1). b) PacBio Iso-seq reads from the same
flower, stem, nodules, seedpod, leaf, and root tissues, but at less sequencing depth than the RNA-seq experiment. (c–f) Quantitative RT-PCR expression
analysis of PHO2-B and PHO2-C genes from root and leaf tissue grown on low (LP; 10 ppm), optimal (OP; 40 ppm, and high (HP; 60 ppm) phosphate
treatments. g) Validation of transcript cleavage by miR399 using an RNA-ligase mediated-rapid amplification of cDNA ends assay (RLM-RACE). The gel
shows evidence for haplotypes specific cleavage in the PHO2-B haplotypes but not PHO2-C with the high P treatment. LP is low P treatment, OP is
optimal treatment, and HP is high P treatment.
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and nested primer sets were used to reverse transcribe and am-
plify 50UTR transcript sequence proximal to the putative miR399
target site (Fig. 2g). Cloning and sequencing of amplicons
from this assay confirmed precise cleavage of the PHO2-B tran-
scripts at the expected target site with the high P treatment
(Supplementary Fig. 4).

Target design, reagent construction for gene
editing, and identification of edited alleles
Having confirmed the relationship between PHO2-like orthologs
and soil phosphorus availability, targeted knock-outs of PHO2-B
and PHO2-C haplotype combinations were carried out. Multiple
targets were designed to increase the chances of creating dele-
tions between target sites, which was expected to facilitate geno-
typing of edited plants. The guide targets were originally cloned
into a 1-step binary vector and delivered to alfalfa leaf explants
by Agrobacterium-mediated transformation (Supplementary Fig.
5). However, a clone and sequence screen of regenerated plants
identified mostly small base-pair edits of single PHO2-C haplo-
types. This result prompted the redesign of the target guides and
the addition of an exonuclease component that was also
expected to increase the incidence of larger deletions (Fig. 3a and
b) (�Cermák et al. 2017). Indeed, in this second experiment, in-
creased frequency, and the size of target deletions of PHO2-B and
PHO2-C haplotypes in several regenerated plants. However, the
clone and sequencing approach of screening 6 target sites across
8 haplotypes was laborious and often generated difficult to inter-
pret data (Supplementary Data 5). To circumvent this issue, an
alternative screening strategy was employed. Amplicons that
spanned the PHO2-B and PHO2-C genomic loci were generated
and sequenced by PacBio amplicon sequencing (Curtin et al.
2021). Using this approach, hundreds of haplotype sequences
could be rapidly and accurately genotyped simultaneously in
multiple plants (Table 1) (Supplementary Data 6). From the initial
reagent-only experiment, 12 of the 67 transgene-positive T0

plants were screened by long amplicon analysis (LAA) and tar-
geted mutations observed in 8 plants, mostly small base-pair
deletions of PHO2-C haplotypes, confirming previous observa-
tions (Table 1). Plants transformed with the redesigned reagent
exhibited a significant increase in the frequency of targeted edits.
In particular, the Csy4 reagent increased the percentage of edited
plants from 66.7% to 85.7% compared with the tRNA reagent. The
average deletion size was 7- to 64-bp for the Cys4 reagent and
191-bp for the tRNA reagent (Table 1). The Csy4/exonuclease
combination had the highest editing frequency with 18 of the 21
screened plants having targeted mutations in single, double, and
triple haplotypes of PHO2-B. However, the tRNA/exonuclease
combination, although having a slightly less editing frequency of
12 edited plants from 18 transgene positive plants generated 1
plant with 4 mutated PHO2-B haplotypes and a second plant with
4 PHO2-B and 2 PHO2-C mutated haplotypes (Table 1). Taken to-
gether, the codelivery of a reagent and endonuclease was shown
to generate large deletions or inverted DNA pieces between target
sites in 12 out of 30 plants compared with 0 out of 12 plants when
only the reagent was used. More importantly, the reagent/exonu-
clease combination increased the frequency of generating 4 hap-
lotype knock-outs from �1 in 500 transformed plants previously
reported to 1 in 50 plants (Chen et al. 2020).

Validation of LAA identified gene edits
The genotyping of the T0 mutant plants and the heritable trans-
mission of mutant haplotypes of the T1 plants was performed us-
ing haplotype-specific PCR (Supplementary Fig. 6; Fig. 4a–c). This

analysis also observed the removal the T-DNA by genetic segre-
gation in some plants and the identification of nontransgenic
mutant plants. Fortunately, mutations identified by LAA were
mostly dissimilar across the PHO2-B and PHO2-C haplotypes
which simplified the genotyping efforts. This was especially criti-
cal when 8 distinct haplotypes were tracked to determine the
specific mutant combination present in each plant (Fig. 4a). The
gene edit of 2 mutant plants were characterized in more detail:
PhotM10 (pho2-b1D268-inv/pho2-b2D6/2/pho2-b3D6/1/5/pho2-b4D269),
hereafter written as the pho2-bnull#1 with 4 mutated PHO2-B haplo-
types, and PhotM65 (PhotM65: pho2-b1D271-inv/pho2-b2D268/pho2-b3D3/1/
pho2-b4D7/pho2-c1D386/PHO2-C2/pho2-c3D1/PHO2-C4), hereafter written
as pho2-bnull#2/pho2-c1&3, with 4 PHO2-B and 2 PHO2-C mutated
haplotypes. Both plants had inversions and deletions between
target sites as well as single, double, and sometimes triple muta-
tions on individual haplotypes with restriction enzymes sites at
each target to aid in genotyping (Fig. 4c). For the pho2-b1 haplo-
type, an inverted DNA segment between reagent target sites in
the first intron was observed (Supplementary Fig. 6; Fig. 4c).
Typically, inversion type mutations are notoriously difficult to
detect using standard screening approaches but were identified
by LAA without difficulty. The development of P1-F and P1-R pri-
mers for this haplotype involved designing a reverse primer that
matched the orientation of the inverted piece, with this amplicon
notably failing in wild-type plants (Fig. 4c).

Assays were next used to confirm the 268-bp deletion between
targets 1 and 2 in the PHO2-B2 (P1-F and P5-R) and the 6- and 1-bp
mutation in the targets 1 and 2, respectively, for PHO2-B3 (P1-F
and P6-R) (Fig. 4a–c). An amplicon digestion assay utilizing the
Eco130i restriction site in target 2 was used to confirm the 7-bp
mutation in PHO2-B4 (P5-F and P7-R) (Fig. 4c). For the PHO2-C hap-
lotypes in the PhotM65 plant, LAA analysis identified two 386-bp
deletions across targets 1 and 2 for both the PHO2-C1 and PHO2-
C2 haplotypes. However, only the deletion in the PHO2-C1 haplo-
type could be validated (P6-F and P8-R) with the LAA analysis in-
correctly calling a similar sized deletion across targets 1 and 2 of
the PHO2-C2 haplotype (Fig. 4b). Closer inspection of the consen-
sus and subread sequences revealed a mixture of haplotype
sequences, suggesting a possible processing error. However, while
screening these PHO2-C haplotypes, a 1-bp insertion in target 3
was revealed in PHO2-C3 instead. This insertion disrupted the
XhoI recognition site present at the target and was used for
screening with the P7-F and P9-R primers (Fig. 4c). Demonstrating
the segregation of the pho2-c haplotypes prior to the availability
of the RegenSY27x draft assembly was challenging due to se-
quence similarities. However, using this new resource, unique
intronic and UTR sequences were used to assist the tracking of
PHO2-C2 (P10-F and P10-R) and PHO2-C4 (P11-F and P11-R) wild-
type haplotypes. This helped identify pho2-c mutant and PHO2-C
wild-type haplotypes more reliably and facilitate the genotyping
of 5 (PhotM65-111), 6 (PhotM65-4), 7 (PhotM65-2), and 8
(PhotM65-145) haplotype knock-out mutant plants. Moreover,
amplicon loading concentration could also be used to correlate
copy number of pho2-c1 (P6-F and P8-R) and pho2-c3 (P7-F and
P9-R) mutant haplotypes (Fig. 4c). From this analysis, it was de-
termined that the PhotM65-2 had 2 copies of pho2-c1, 1 copy of
pho2-c3, and 1 wild-type PHO2-C4 haplotypes, making it a triple
pho2-c mutant plant (pho2-bnul#2/pho2-c1,1&3). The PhotM65-4 T1

plant was determined to have 2 copies of pho-2-c1 and 1 copy
each of wild-type PHO2-C3 and PHO2-C4 haplotypes making it a
6-haplotype mutant plant (pho2-bnul#2/pho2-c1,1). In addition, the
PhotM65-145 plant was shown to have 2 pho2-c1 and 2 pho2-c3
mutant haplotypes, making it a bone fide pho2-b/pho2-c double
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Fig. 3. Schematic representation of the PHO2-B and PHO2-C targets and the reagent components. a) Three gRNA targets were designed for each of the 4
PHO2-B and PHO2-C haplotypes with 2 targets in the first exon and the third target in exon 6 for PHO2-B and exon 3 for PHO2-C. b) The reagent
components include; the binary vector backbone [pTRANS_220] containing a 35S: nptII selectable marker for kanamycin selection, a Cas9 [pMOD_A]
module, a guide RNA [pMOD_B] module that can utilize either the Csy4 or tRNA splicing mechanism for the release of multiple gRNAs, and the rolD:
TREX2 exonuclease, in a [pMOD_C] module. All 3 modules are assembled into the binary vector by AarI-mediated golden gate reaction. c) The completed
reagent is sequence confirmed and transformed into the Agrobacterium strain LBA4404 for alfalfa leaf explant transformation (Samac and Austin-
Phillips 2006). The following nomenclature was used to indicate the type of reagent used for the gene editing. For example, “PhoM#” and “PhocM#” refer
to either the pDIRECT or pTRANS reagents with the “c” indicating Csy4 splicing system. The “t” in “PhotM#” refers to the pTRANS reagent with the tRNA
splicing system. Both the pTRANS reagents (PhocM# and PhotM#) harbor the TREX2 exonuclease cassette.

Table 1. Transformation and editing frequencies of reagents targeting the PHO2-B and PHO2-C haplotypes.

Reagent Explants Regenerated
plants

NPTII
þve

TF
(%)

T0 plants
screened

Edited T0

plants
Edited

(%)
1ko 2ko 3ko 4ko Avg size

deletion

pDIRECT: PHO2-B/C: 6xplex: Csy4 144 110 67 46.5 12 8 66.7 5 2 1 0 7-bp
pTRANS_220: PHO2-B/C: 6xplex: Csy4:

TREX2
144 107 93 64.6 21 18 85.7 8 6 4 0 64-bp

pTRANS_220: PHO2-B/C: 6xplex: tRNA:
TREX2

144 144 115 79.9 18 12 66.7 6 2 2 2 191-bp

“NPTIIþ ve” denotes regenerated shoots that were found positive forone or more T-DNA copies by PCR analysis. The “TF (%)” indicates transformation efficiency
calculated by the number of NPTII þve plants divided by the number starting explants. The “Edited (%)” was calculated by dividing the number T0 edited plants by
the number screened T0 plants. The “1–4ko” indicates the number of individual haplotype knock-outs per plant.
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mutant plant (pho2-bnul#2/pho2-c1,1&2,2) since neither wild-type
PHO2-C2 or PHO2-C4 amplicons could be detected (Fig. 4c).

Phenotypic analysis of pho2 plants
To screen the pho2 effect on Pi accumulation, the seedlings of 8
pho2 mutant combinations and 2 wild-type genotypes (UMN3988
and RegenSY27x) were grown in low Pi or high Pi media (Fig. 5a).
The plants comprised of single, double, triple, and quadruple
pho2-b and pho2-c mutants including double mutant plants with
combined pho2-b and pho2-c mutant haplotypes (pho2-bnull#2/pho2-
c1&3) (PhotM65) (Fig. 5a). A preliminary observation of mutant and
wild-type plants showed that all plants grew similarly with some
exceptions. The pho2-bnull#2/pho2-c1&3 plant on high Pi media
exhibited shorter shoots and smaller roots while pho2-bnull#1 plant
(PhotM10) exhibited a normal shoot phenotype with minimal
stunted growth and notable smaller root development. In the
minimal Pi media, pho2-bnull#1 and pho2-bnull#2/pho2-c1&3 plants
had a comparable growth and developmental size compared with
the wild-type plants (Fig. 5a).

The Pi accumulation in these plants correlated according to
their pho2-b mutant status with a small but significant increase
in Pi observed in one of the 2 single pho2-b mutant plants, pho2-b1
(PhocM105; 0.86 mg g�1 compared with RegenSY27x; 0.70 mg g�1,
P < 0.046) (Fig. 5b). In contrast, Pi levels in the single pho2-b3 mu-
tant were not significantly higher than in RegenSY27x, possibly

because this haplotype is not highly expressed in RegenSY27x
(Fig. 2a and b) and therefore a mutation in this haplotype likely
had minimal effect or could be indicative of genetic compensa-
tion from the remaining PHO2 genes regulating Pi homeostasis.
Single mutant plants of pho2-b2 or pho2-b4 were not tested in this
analysis. Double mutant, pho2-b1/pho2-b2 (PhocM10; 1.3 mg g�1,
P < 0.00001) and the triple pho2-b1/pho2-b2/pho2-b3 (PhocM74;
1.95 mg g�1, P < 0.00001) mutant plants exhibited significant (P <
0.05) Pi accumlation compared with the tested RegenSY27x
plants (0.7 mg g�1) (Fig. 5b). The pho2-c mutants were also
screened for Pi accumulation including a single and a triple mu-
tant plants. A small but significant difference in Pi accumulation
was observed in the pho2-c1 single mutant (PhoM23; 1.0 mg g�1,
RegenSY27x; 0.88 mg g�1, P < 0.027) but no significant difference
was observed in the pho2-c1/pho2-c2/pho2-c3 triple mutant plant
(PhoM20; 0.86 mg g�1, RegenSY27x; 0.98 mg g�1, P < 0.071),
though the triple mutant grown on high Pi media exhibited a phe-
notype that resembled mild Pi toxicity (Fig. 5b). The highest levels
of Pi accumulation was observed in the pho2-bnull#1 and pho2-
bnul#2/pho2-c1&3 mutant plants [(PhotM10; 2.22 mg g�1, P <

0.00001) and (PhotM65; 2.28 mg g�1, P < 0.00001)] at 1.9–2.0�
higher compared with RegenSY27x levels (0.89 mg g�1) (Fig. 5c).

To confirm these observations, a growth chamber experiment
was carried out on the the pho2-bnull#1 (PhotM10-5 and PhotM10-6)
and pho2-bnull#2/pho2-c1,1 (PhotM65-4) and pho2-bnull#2/pho2-c1,1&3

Fig. 4. The validation PhotM65 mutant plants. a) Schematic representation of the PCR assays used to validate mutant haplotypes. The blue triangle
represents the reagent target sites and the red and gray boxes indicate deleted or inverted DNA sequences, respectively. The green arrows represent the
approximate primer locations used to generate amplicons. The “E,” “X,” and the “NlaIV” indicate the location of the Eco130i, XhoI, and NlaIV restriction
sites used to genotype haplotypes. b) Sequence confirmation of the haplotypes was carried out using sequence data from the LAA analysis as well as
from cloning and sequencing assays using haplotype specific amplicons. The bold red and black text represents the PAM and target guide RNA sites for
each reagent, respectively, and the blue text and lime green highlights indicate inverted or deleted DNA sequence. c) Gel images of mutant and wild-
type haplotype-specific amplicons from PhotM65 T0 and T1 plants. The absence of a haplotype specific amplicon indicates the segregation of the
mutant haplotype in respective plants. Amplicons for the Cas9 and the nptII selectable marker were used to identify the presence or absence of reagent
T-DNA in the mutant plants.
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(PhotM65-2) mutant plants. The pho2-bnull#1 (PhotM10-5 and
PhotM10-6) accumulated 2- and 3-fold more P at significant levels
(P � 0.001) than the RegenSY27x wild-type plant, respectively
(Table 2; Fig. 5c). Moreover, the double mutants pho2-bnull#2/pho2-
c1,1 (PhotM65-4) and pho2-bnull#2/pho2-c1,1&3 (PhotM65-2) accumu-
lated 3.6- and 5.6-fold more P at significant levels (P � 0.001) than
the RegenSY27x wild-type plant, respectively (Table 2; Fig. 5c). To
further analyze mutant plant performance, the double mutants
pho2-bnull#2/pho2-c1,1 (PhotM65-4) and pho2-bnull#2/pho2-c1,1&3

(PhotM65-2) were clipped back by cutting shoots to the crown
and observing the response. The assay showed that pho2-bnull#2/
pho2-c1,1 (PhotM65-4) mutant plant significantly outperformed
the pho2-bnull#2/pho2-c1,1&3 (PhotM65-2) mutant and was compara-
ble to the wild-type plant in biomass quantity 5 weeks postclip-
ping (Fig. 5d and e; Supplementary Fig. 10).

Discussion
Concentrated livestock farming systems, high urban population

densities, and industry are major sources of Pi run-off into

aquatic ecosystems. Excessive Pi inputs accelerate eutrophication

of rivers, lakes, and other types of waterways reducing their wa-

ter quality and ecological function (Dodds et al. 2009). The eco-

nomic losses from human-induced eutrophication is estimated

to exceed $2.2 billion annually in the USA, a figure that is likely

underestimated (Dodds et al. 2009). This is especially the case in

agricultural lands associated with high density animal produc-

tion where excessive manure applications often lead to high soil

Pi concentrations. Growing crops on these lands, such as corn-

soybean rotations can reduce Pi to acceptable levels; however,

this can take many years upward to a decade (McCollum 1991;

Fig. 5. Phenotype screen and analysis alfalfa pho2 mutant plants. a) Morphological appearance of pho2b and pho2-c mutant seedlings grown in plates on
low and high Pi media. b) Pi concentration in these shoots, measured in mg Pi g�1 fresh weight by a soluble Pi measurement assay. c) Cuttings from
RegenSY27x and PhotM10-5, PhotM10-5, PhotM65-2, and PhotM65-4 grown in soil watered with high P Ruakura nutrient solution 3 times per week for 5
weeks. d) The g/fresh weight of shoot biomass from RegenSY27x, PhotM65-2, and PhotM65-4 plants 5 weeks postclipping. e) RegenSY27x, PhotM65-2,
and PhotM65-4 5 weeks postclipping.

S. S. Miller et al. | 9

academic.oup.com/g3journal/article-lookup/doi/10.1093/g3journal/jkac096#supplementary-data


Vadas et al. 2018). The use of forage cropping systems has demon-
strated modest improvements in Pi removal with corn silage
reported to remove as much as 95 kg P ha�1 year�1 and alfalfa
68 kg P ha�1 year�1 when harvested 4 times per year. However,
many years are still required to reduce Pi to acceptable levels
(Kratochvil et al. 2006). In this manuscript, we tested the hypothe-
sis that an engineered alfalfa pho2 mutant could be used to accu-
mulate high concentrations of Pi and at levels equal to or greater
than observed in the Arabidopsis pho2 mutant (Delhaize and
Randall 1995; Aung et al. 2006).

Various genome resources including diploid and tetraploid as-
semblies were used to identify 4 distinct haplotype sequences for
each PHO2-B and PHO2-C ortholog. The expression of individual
PHO2-B haplotypes varied with levels of Pi treatment with PHO2-
B4 and PHO2-B2 shown to be the most responsive. In contrast,
only minimal expression and responsiveness to Pi levels was ob-
served in the PHO2-C haplotypes. PacBio amplicon sequencing
was employed to genotype and rapidly characterized multiple
targets in putative mutants plants (Curtin et al. 2021). The intro-
duction of this assay was a critical step in the mutation analysis
and mutant plant validation. Moving forward, NGS technologies
such as PacBio or a similar long read sequencing platforms such
as Nanopore sequencing will be essential tools for rapidly charac-
terizing future gene edited alfalfa plants as well as in other crops,
saving both money and time (Curtin et al. 2021; Eaton et al. 2021).
The heritable transmission of mutant haplotypes was confirmed
by screening PhotM10 and PhotM65 T1 plants; however, the re-
moval of the reagent T-DNA was only demonstrated in PhotM65
progeny, suggesting multiple T-DNA insertion events in the
PhotM10 T0 plant. The segregating pho2-c mutant haplotypes in
PhotM65 T1 plants could be tracked by amplicon analysis. For ex-
ample, the PhotM65-2 and PhotM65-4 plants were shown to have
7 (pho2-bnull#2/pho2-c1,1&3) and 6 (pho2-bnull#2/pho2-c1,1) haplotype
mutations, respectively.

The Pi accumulation trait was initially screened in a panel of
mutant plants grown in sterile media. No significant increase in
leaf Pi content were observed in single mutants, however, in the
double, triple, and quadruple pho2-b mutants, increases in Pi co-
incided with increases in mutant haplotype combinations with
the largest increases observed in the quadruple mutant plants. A
second Pi measurement experiment with the pho2-bnull#1 mutants
(PhotM10-5 and PhotM10-6) and the pho2-bnull#2/pho2-c1,1&2

(PhotM65-2) and pho2-bnull#2/pho2-c1,1 (PhotM65-4) mutants dem-
onstrated statistically significant fold changes in Pi accumula-
tion, with the pho2-bnull#2/pho2-c1,1&2 (PhotM65-2) exceeding the
4-fold Pi level reported in the Arabidopsis (Aung et al. 2006). The
extent of this accumulation was associated with the number of
mutated haplotypes including the combined pho2-c mutant hap-
lotypes, which increased the overall accumulation, even though
no Pi accumulation was observed in either a single or a triple
pho2-c mutant plant. The function of PHO2-C has not been char-
acterized to date, though it resembles a ubiquitin-conjugating

enzyme E2 with a catalytic (UBC) domain that is specific to
legumes with orthologs identified in M. truncatula, M. ruthenica,
and soybean. In alfalfa, its expression is very low across all tis-
sues except for some expression in root tissue. Although, the
PHO2-C haplotypes have remnant miR399 target sites like the
sequences of PHO2-B targets, we found SNPs in these miRNA tar-
get sequences that likely disrupt miRNA-mediated cleavage.
Furthermore, no evidence of miR399-mediated cleavage of PHO2-
C transcripts was observed using the RLM-RACE assay. It is
unclear what specific role the PHO2-C enzyme is performing in le-
gume plants, however, plants with combinations of the pho2-c
mutant haplotypes have increased Pi and are less affected pheno-
typically by high Pi. A similar phenomenon was observed with
the mutant characterization of PHO2 in wheat where the correct
balance of PHO2 proteins resulted in a favorable Pi trait. For ex-
ample, the Tapho2-a1 mutant plant had significantly elevated Pi

and increased grain yield. However, the Tapho2-d1 mutant plant
exhibited negative phenotypic effects associated Pi accumulation
(Ouyang et al. 2016). In future work, further characterization of
the pho2-cnull and pho2-b/pho2-c and analysis of their regulatory
differences could help explain the different phenotypes observed
between the pho2-b and pho2-c mutants.

Several crosses between the nontransgenic pho2-bnull#2/pho2-
c1,1&2 (PhotM65-2) and other alfalfa genotypes with high biomass
and root architecture related traits have been generated.
However, identifying plants with combinations of the 4, 5, or
even 7 mutant haplotypes will require the screening of hundreds
of F1 progeny. Direct gene editing of these genotypes will be more
efficient strategy if optimized protocols can be established.
Although the current protocol has an excellent transformation
efficiency with the RegenSY27x genotype (>50–80%) (Samac and
Austin-Phillips 2006), the transformation and regeneration effi-
ciency is expected to be greatly reduced in the other alfalfa geno-
types. Fortunately, there has been a recent spate of technologies
that could be easily incorporated into current platforms to im-
prove transformation of recalcitrant genotypes. These include
the use of codon optimized Cas9 enzymes with high expression
in alfalfa (Gao et al. 2018; Chatterjee et al. 2020; Hahn et al. 2020),
Agrobacterium auxotrophic strains with ternary helper plasmids
to improve transformation efficiency (Zhang et al. 2019; Aliu et al.
2020), the deployment of developmental regulators (Hoerster
et al. 2020; Maher et al. 2020), and other transgenes that improve
regeneration (Someya et al. 2013; Debernardi et al. 2020). The com-
bined refinements should contribute to an increased mutagene-
sis frequency and higher incidence of 4–8 mutant haplotype
plants in a wider range of more agriculturally suitable genotypes.

In this report, we generated a suite of haplotype mutant plants
of the PHO2-B and PHO2-C genes in alfalfa, demonstrating that
the methodology showed here is suitable for targeting multiple
loci in a complex genome and subsequently identifying those
modifications. The loss of function of these genes created a Pi

hyper-accumulation trait that increased the concentration of Pi

Table 2. The P levels of pho2 mutant and wild-type plants grown under a high P conditions.

Plant n Milligrams fresh weight Milligrams Pi/gFW P-value (T test) Significance

PhotM10-5 5 37.7 6 7.6 6.3 6 1.7 0.00008 a

PhotM10-6 5 44.8 6 12.5 9.1 6 3.9 0.00038 a

PhotM65-2 5 36.4 6 12.5 15.7 6 2.7 7.30E�09 a

PhotM65-4 8 37.7 6 8.1 10.1 6 4.2 0.00013 a

RegenSY27x 9 31.9 6 5.3 2.8 6 0.6

The leaf fresh weight (mg) and the leaf P in mg Pi/g fresh weight were recorded. The data are the mean 6 SD (n¼5–9). The asterisks indicate the significant
differences between pho2 mutant and wild-type plants as determined by Student’s t-test analysis: a P<0.001.
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in leaf tissues to levels 2.7- to 5.6-fold higher than RegenSY27x
wild-type plants. Extrapolating this rate of accumulation and re-
moval of Pi from enriched croplands based on alfalfa wild-type
experiments, (Kratochvil et al. 2006) the pho2 mutant plants could
potentially increase the removal capacity to a range of 200–400 kg
P ha�1 year�1, making this gene edited plant a very effective phy-
toremediation tool. Nevertheless, more work will be needed to
monitor the growth of the pho2 mutant on high P soils and to fur-
ther understand the role of the PHO2-C enzyme in alfalfa. This
work lays the foundation for more ambitious projects to use al-
falfa as a phytoremediation tool to recover and recycle Pi from Pi-
enriched soils. Moreover, recent research in Arabidopsis pho2 mu-
tant plants grown under high Pi conditions have demonstrated
robust resistance to infection by necrotrophic and hemi-
biotrophic fungal pathogens (Val-Torregrosa et al. 2022). These
mutants along with the mutants generated in M. truncatula could
be used to confirm this finding in legume plants.

Data availability
Reagents used in this manuscript were generated from the
Voytas Laboratory Multi-Purpose Plant Genome Engineering Kit.
The kit and the completed reagents used in this study, including
pDIRECT-PHO2-B/C-Csy4 (Addgene #161765), pTRANS-PHO2-B/C-
Csy4 (Addgene #161763), and pTRANS-PHO2-B/C-tRNA (Addgene
#161762) can be obtained from Addgene, Cambridge, MA (http://
www.addgene.org/). The alfalfa genome assemblies can be found
at (https://v1.legumefederation.org/data/v2/Medicago/sativa/
genomes/) (last accessed 5/3/2022). The RNA-seq (GSE197479)
and PacBio Iso-seq (GSE197480) data have been deposited in
NCBI’s Gene Expression Omnibus (Edgar et al. 2002) and are ac-
cessible through GEO Series accession number GSE197482
(https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=
GSE197482) (last accessed 5/3/2022). PacBio amplicon sequence
data have been deposited the Short Read Archive (SRA) under the
project accession number PRJNA811622. The RegeneSY27x geno-
mic sequences for each haplotype of the 2 PHO2 genes can be
found at the following GenBank accessions; PHO2-B1 (ON025026),
PHO2-B2 (ON025027), PHO2-B3 (ON025028), PHO2-B4 (ON025029),
PHO2-C1 (ON025030), PHO2-C2 (ON025031), PHO2-C3 (ON025032),
and PHO2-C4 (ON025033).

Supplemental material is available at G3 online.
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