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CRISPR/Cas9-mediated mutations of PagHyPRPI improves drought and salt

tolerance in poplar?

Abstract: [Objective] Due to the adverse ecological environment in arid, semi-arid and saline-alkali areas, afforestation and
vegetation restoration are difficult. It is urgent to create new varieties of stress-resistant trees to realize the cultivation and utilization
of difficult sites. [Method] The CRISPR/Cas9 system was used for multilocus genome editing of PagHyPRPI (including alleles
PagHyPRPIA and PagHyPRPI B), a negative regulator of salt and drought stress response in the important cultivated varieties Populus
alba x P. glandulosa (84K poplar). PCR and single gram sequencing were used to analyze the editing type of editing targets. Oxidative
damage level, antioxidant and osmoregulation capacity were measured in leaves to evaluate the tolerance to drought and salt stress of
PagHyPRPImutants. Key ion flux and related genes expression in roots were measured and analysed to investigate the ROS signalling
alteration of the mutant in response to drought and salt stress. [Result] 9 mutant plants with 5 genotypes were obtained with 60%
mutation efficiency, including two homozygous, two allelic, and five chimeric mutant lines. 1 bp insertion or 1-4 bp deletions that led
to frameshift mutations were detected in mutants. The mutation type of four mutants (allelic mutant: prp-1; homozygous mutant: prp-
2, prp-4; chimeric mutant: prp-6) with 100% mutation is stably, without the occurrence new mutations through asexual propagation,
which were selected for drought and salt tolerance evaluation. Compared with 84K, the expression level of PagHyPRPI in mutants
was significantly lower under normal growth conditions, salt and drought stress, which was opposite in OEs, suggesting that
PagHyPRPI play the negative regulatory rol in poplar under drought and salt alkali stress. Under salt and drought stresses, the
paghyprpl mutant lines showed significantly increased plant height, stem diameter, stem weight, root dry weight and root to shoot
ratio than the wild-type 84K poplar, with significantly enhanced salt and drought tolerance. In addition, the paghyprp! mutant lines
exhibited higher superoxide dismutase and peroxidase activities and proline content; lower accumulation of hydrogen peroxide,
superoxide anions, and reactive oxygen species; higher Na™ efflux (under salt stress), Ca®" influx (under drought stress) and H' influx;
and less K" efflux, while the overexpression lines showed the opposite results. All above indicate that the paghyprp! mutant lines had
improved drought and salt tolerance by reducing ROS accumulation, promoting root growth and maintaining root ion homeostasis.

[ Conclusion] PagHyPRPI was confirmed as a negative regulator of the salt and drought stress response in poplar, and the paghyprp 1
mutant lines had improved drought and salt tolerance by reducing ROS accumulation, promoting root growth and maintaining root ion
homeostasis. This study provides candidate genes with important breeding value for forest tree stress resistance gene editing and
provides empirical evidence and technical reference for the application of CRISPR/Cas9 system to create new germplasm for
breakthrough stress resistance in forest trees.

Keywords: CRISPR/Cas9, poplar, HyPRPI, salt stress, drought stress, ROS, ion flux

Salt and drought stress are critical environment threats to plant growth and development (Wang et al., 2022; Zhao et al., 2021).
Plants have limited potentially available water resources and will face more severe drought and high salinity stress as global climate
trends shift toward drought and warming (Chen et al., 2021; Gong et al., 2020). Improving plant salinity and drought tolerance is an
effective long-term response to these stresses (Li et al., 2012). It is difficult to improve stress-resistant traits by conventional means,
such as hybridization (Pak et al., 2022). Therefore, the creation of new varieties of plants that can tolerate or resist environmental
stresses using biotechnology means, such as gene editing, has become a research focus.

The clustered regularly interspaced short palindromic repeats (CRISPR)/CRISPR associated protein 9 (Cas9) system, which can edit
a target nucleic acid accurately, has developed rapidly in plant research (Chen ef al., 2019; Hua et al., 2019). This system only requires
a single guide RNA (sgRNA) with 20 bp to guide Cas9 protein to cleave the target nucleotide sequences accurately (Cong ef al., 2013;
Ramirez et al., 2021). It has the advantages of high editing efficiency, strong specificity and versatility (Chen et al., 2019; Ming et al.,
2022). The CRISPR/Cas9 system has been used for character improvement of rice (Oryza sativa), maize (Zea mays), wheat (Triticum
aestivum) and other crops. For example, improved drought and salt tolerance (Shelake, et al., 2022), enhanced resistance bacterial
blight and Fusarium wilt (Zhou, et al., 2022; Xu et al., 2021). CRISPR/Cas9-mediated maize ZmESBL mutant lines significantly
increased the Na” transmembrane transport capacity and increased the Na* transport capacity from roots to shoot through transpiration,
thus improving salt tolerance (Wang et al., 2022). CRISPR/Cas9 modification of the ARGOSS promoter, a negative regulator of maize
ethylene response, significantly increased the yield of maize mutants under drought stress (Shi ef al., 2017). CRISPR/Cas9-mediated
knockout of the abscisic acid 8'-hydroxylase (4BA4ox) gene in maize enhanced drought resistance by closing stomata and reducing leaf
water loss (Liu ef al., 2020). The CRISPR/cas9 system mediated two response modulators of rice OsRR9 and OsRR 10 concurrently to
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maintain the balance of Na”/K" ions by regulating the transcription of ion transporters in roots and shoots, thereby improving salt
tolerance (Wang ef al., 2019).

Although CRISPR/Cas9 technology has developed rapidly in model plants and crops, it has made slow progress in woody plants,
especially trees. This is mainly due to the characteristics of forest trees, such as their large genome, high heterozygosity, polyploidy
and abundant single nucleotide polymorphisms, coupled with a lack of efficient regeneration and genetic transformation systems and
other technical difficulties (Pak et al., 2022). To date, the application of CRISPR/Cas9 technology in woody plants has mainly focused
on disease resistance, growth and other traits. The CRISPR/Cas9 system was used to mutate the promoter region or coding region of
the canker susceptibility gene CsLOBI in Citrus sinensis Osbeck to obtain citrus cultivars with enhanced resistance to canker disease
(Peng et al., 2017; Jia et al., 2017; Jia et al., 2020); CRISPR/Cas9 mediates VvCCD8 (carotenoid cleavage dioxygenase 8) and
VvWRKY52 gene knockdown in Vitis vinifera resulted in increased plant outgrowth and gray mycosis resistance, which improved grape
yield (Ren et al., 2020; Wang et al., 2018). Targeted editing of the MdDIPM4 (Dsp A/E-interacting proteins of Malus domestica 4) gene
using the CRISPR/Cas9 system in apple (Malus domestica) reduced susceptibility to fire blight (Pompili et al., 2020).

There are a few reports in perennial forests, with most studies focusing on functional verification. CRISPR/Cas9-mediated LEAFY
mutation in Eucalyptus grandis x urophylla resulted in uncertain floral development and loss of male and female gametes (Elorriaga
etal., 2021). The SAP gene of male poplar strains (353-FT, Populus tremula  tremuloides) and female poplar strains (717-FT, Populus
tremula x alba) was knocked out to obtain a completely reproductively sterile line (Azeez et al., 2021). However, the effect of its
application needs further field observation. Genes related to wood formation were identified using CRISPR/Cas9 technology for
cellulase synthase (PtrCesA), atypical aspartate protease (PtAP66), PtoMYBI156, PtoMYBI170, CSE1 and CSE2 (Cao et al. 2021; de
Vries et al. 2021; Nayeri et al. 2022; Xu et al. 2021; Xu et al. 2017; Yang et al. 2017), The CRISPR/Cas9 system was used to identify
biostress-related genes such as transcription factors MYBI15, PtrWRKYI1S8 and PtrWRKY35, histamine H3K9 demethylase (JMJ25) and
salicylate benzoate-glycotransferase (UGT71L1) (Fellenberg et al., 2020; Fan et al., 2018; Jiang et al., 2017, Wang et al., 2017b), as
well as drought stress response genes of PtrABREI, PANF-YB21, PtoMYB170 and PAGNC (An et al., 2020; Li et al., 2019; Xu et al.,
2017; Zhou et al., 2020). In terms of character improvement, CRISPR/Cas9 technology was used to knockout the sequence encoding
the P-CR domain binding site of the PalCESA4 subunit from Populus alba, which changed the cell wall structure and improved
cellulose production and glycation hydrolysis efficiency (Nayeri ef al., 2022). However, the use of CRISPR/Cas9 system to identify
the function of negatively regulated genes and improve the tolerance traits of poplars has not been reported.

Hybrid proline-rich proteins (HyPRPs) are proline and hydroxyproline-rich cell wall structural proteins (Ma et al., 2020b). They
comprise a hydrophobic signal peptide, an N-terminal repetitive proline-rich domain, and a conserved C-terminal domain of eight
cysteine motifs (8CM), belonging to the CM protein family (Kapoor et al., 2019). HyPRPs participate in plant development and in
biotic and abiotic stress responses as positive and negative regulators (Banday et al., 2022; Debbarma et al., 2019; Saikia et al., 2020a).
Overexpression of rice OsPRPI, Medicago falcata MfHyPRP and Cajanus CcHyPRP significantly increased the tolerance of transgenic
plants to drought, salt-alkali, cold and oxidation stress, and blast fungus infection (Nawaz ef al., 2019; Tan et al., 2013; Mellacheruvu
et al.,2016; Priyanka et al., 2010) HyPRPs are also involved in abiotic and biotic stress responses as negative regulators. For example,
SIHyPRPI (Solanum lycopersicum) and SpHyPRPI (S. pennellii) genes in tomato are negative regulators of multiple abiotic stresses
including drought, salt, cold, oxidative stress and ABA. SIHyPRPI gene expression was suppressed under various abiotic stresses;
however, RNA interference (RNAI) transgenic lines and CRISPR/Cas9-mediated S/HyPRPI mutant lines showed enhanced tolerance
to oxidative stress, dehydration and salt (Li ef al., 2016; Saikia et al., 2020b; Tran et al., 2021). Gossypium barbadense silenced for
GbHyPRPI showed significantly increased resistance to V. dahliae through cell wall thickening and reactive oxygen species (ROS)
accumulation (Yang et al., 2018a). Arabidopsis thaliana heterologously expressing GhPRP5 became smaller and dwarfed, while RNAi
transgenic cotton could regulate the expression of genes related to fiber elongation and wall biosynthesis and increase fiber development
(Xu et al., 2013). Capsicum annuum CaHyPRPI overexpressing plants can negatively regulate basic defense during biological stress
by inhibiting ROS scavenging gene expression (Yeom et al., 2012).

Although HyPRP proteins have been well characterized in abiotic stress tolerance in various plant species, these plants are mainly
cash crops such as tomato, rice, and cotton. In woody plants, only HyPRP protein from Poncirus trifoliata has been studied for cold
tolerance in leaves by RNAi. However, there have been no reports on HyPRP proteins response mechanism to drought and salt stress
in forest trees. 84K poplar (Populus alba x P. glandulosa) has become a model tree for forest genetic engineering and breeding because
of its small genome, relatively complete genome information, strong asexual regeneration ability, and relatively complete genetic
transformation system. In the present study, 4t Y40 promoter-driven hspCas9 and the AtU6 promoter driving two tandem sgRNAs in a
CRISPR/Cas9 expression vector were used to target 84K poplar PagHyPRPIA and PagHyPRPIB genes. paghyprpl mutant lines
encoding different amino acid sequences with 100% mutation in PagHyPRPIA and PagHyPRPIB were obtained. Analysis of the
mutant lines revealed that the knockout lines of different genotypes could improve drought and salt tolerance by reducing ROS
accumulation and maintaining the ion balance in roots, which confirmed that poplar PagHyPRPI has a negative regulatory role in salt
and drought stress. This study provides candidate genes with important breeding value for forest plant tolerance gene editing, expands
the research idea of HyPRP gene in woody plants, and provides an empirical and technical reference for the application of the
CRISPR/Cas9 system to create new germplasm with breakthrough resistance in forest trees.

1 Materials and methods
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1.1 Plant materials and stress treatments
To analyze the expression of the PagHyPRPI gene under salt and drought stress, 30-d-old wild-type 84K poplar seedlings grown
on 1/2MS solid medium were treated in a hydroponic solution of 200 mM NaCl and 20% PEG-6000 for salt and drought stress,
respectively. At the same time, fresh hydroponic solution was used as a control. Leaf, stem and root tissues from three individuals were
collected at 0, 3, 6, 12, 24 and 36 h after treatment, and frozen immediately in liquid nitrogen and stored at —80 <C for expression
analyses. The experiments were repeated three times.
1.2 Sequence Conservation and Phylogenetic Analysis
The amino acid sequences of HyPRP from different species were retrieved from the National Center for Biotechnology
Information (NCBI) database, and the HyPRP sequences of S. lycopersicum, Nicotiana benthamiana, Capsicum annuum and other
species were aligned using Clustal X (Thompson et al., 1997). Phylogenetic tree analysis of PagHyPRP1A, PagHyPRP1B, and other
HyPRP proteins of known function from different plant species were constructed using MEGA 5.0 based on the neighbor-joining
method (Tamura et al., 2011).
1.3 RNA extraction and reverse transcription quantitative PCR (RT-qPCR) analysis
Total RNA was extracted using a RNAprep Pure Plant Plus Kit (TIANGEN BIOTECH, Beijing, China). Then, 1 pg of total RNA
was reverse transcribed to cDNA using PrimeScript™ RT Master Mix (Takara, Dalian, China). The qPCR step of the RT-gPCR protocol
was performed using the LightCycler® 480 (Roche Applied Science, Penzberg, Germany) real-time quantitative PCR system, and the
reaction system and procedure used the TB Green Premix Ex Taq™ kit (Takara). Actinwas used as the internal reference gene, and
each sample analyzed separately three times. Relative gene expression was calculated using the 27" method (Livak and Schmittgen,
2001). All primer sequences used are shown in Table S1.
1.4 Construction of CRISPR/Cas9 expression vector and overexpression vector
To construct a CRISPR/Cas9 expression vector targeting PagHyPRPIA and PagHyPRPI B, we used the Cas-designer of CRISPR
RGEN Tools (http://www.rgenome.net/cas-designer/) to design and screen gRNAs. We then used the Cas-offinder of CRISPR RGEN
Tools (http://www.rgenome.net/cas-offinder/) to find potential off-target sites. We selected an sgRNA with a high out-of-frame score,

good specificity, no potential off-target sites, and close to the 5' end of the gene coding sequence (CDS) to induce frameshift mutations
at the target site, which would result in a loss of gene function. GCAG and AAAC were added to the 5' end of the forward sgRNA1
and reverse sgRNA2 and were included in the PCR forward and reverse primers, respectively. A scaffold and pre-tRNA fragment was
using the PUC57 plasmid as a template. The purified PCR fragment and plasmid pHZMS58 were digested by Bsal and ligated using T4
ligase according to the Golden Gate reaction method of Qijun Chen from China Agricultural University (Xing et al., 2014) to obtain
the CRISPR/Cas9 expression vector phZM58-pagHyPRPI. Then, the correctly sequenced plasmid phZMS58-pagHyPRPI was
transferred into Agrobacterium strain GV3101 for subsequent plant infection. pHZM58-PagHyPRP1 was constructed by Zanmin Hu
from the Institute of Genetic Development, Chinese Academy of Sciences.

PagHyPRPI1 A4 and PagHyPRPI B are 92% similar; therefore, we inserted the CDS of one of the genes, PagHyPRPI 4, into the 35S-
driven pROKII binary vector to obtain the overexpression vector pROKII-PagHyPRPI . The correctly sequenced pROKII-PagHyPRP1
and pHZMS58-PagHyPRPI plasmids were transferred into Agrobacterium strain GV3101 for subsequent plant infestation. All primer
sequences used are shown in Table S1.

1.5 Acquisition and identification of paghyprpl mutant lines and PagHyPRP1 overexpressing lines

Genetic transformation of 84K poplar was achieved using the Agrobacterium-mediated leaf disc method (Wang et al., 2016).
Resistant buds were screened on MS differentiation medium supplemented with kanamycin (50 mg/L), and resistant plants were
screened on 1/2 MS rooting medium supplemented with kanamycin (50 mg/L). Genomic DNA was extracted from the WT and resistant
plants using a Hi-Dnasecure Plant Kit (TTANGEN BIOTECH, Beijing, China).

Positive plants containing CRISPR/Cas9 expression vector were screened using U6, Cas9 and Kan specific primers in the
pHZMS5S8 vector. Furthermore, the full length gene sequences of PagHyPRPI1A and PagHyPRP1B were specifically cloned using the
positive plant DNA as a template, respectively. The PCR amplicons were cloned into vector pMD19-T vector (Takara), and 15 positive
clones of each amplicon were Sanger sequenced. The mutation type, mutation frequency and genotype were assessed, where mutation
frequency was the ratio of the number of mutated clones to the total number of sequenced clones. The overexpression lines (OE) were
screened using pROKII vector primers. Their expression levels were verified using RT-qPCR. The details of the primers used are shown
in Table S1.

1.6 Analysis of salt and drought tolerance

To examine the growth of tissue culture seedlings under drought and salt stress, terminal shoots of 30-d-old paghyprpl mutant
lines, OE lines, and WT 84K were rooted in 1/2 MS solid medium supplemented with 1% PEG-6000 and different concentrations of
NacCl (0, 50, 75, and 100 mM) for 30 days. Plant growth phenotypes were observed and plant height, root length, whole plant fresh
weight, and root fresh weight were determined. Three biological replicates were assessed with six plants per treatment.

To assess salt and drought stress tolerance of soil cultured transgenic plants, paghyprp 1 mutant lines, OE lines and WT grown
on 1/2 MS medium for 30 days were transplanted into 12 cm % 12 cm X 15 c¢m plastic pots containing the same weight of soil and
perlite (3:1) mixture. After 45 days of growth in the artificial climate chamber with 16 h light, 25 [] average temperature, and 70—80%
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relative humidity, the seedlings at the same growth state were selected for salt and drought simulation stress experiments. About 50
plants of each strain were prepared and divided into three equal portions of about 16 plants each, which were treated with 20% PEG-
6000 (drought), 150 mM NaCl (salt) and water (control). There were 3 treatments with 4 block groups and 4 plants in each block group.
When collect samples, 1 Plant X 3 blocks = 3 plants were collects of each treatment at each time point. And the other block was used
to record the phenotype. The plants were treated with 200 mL of 150 mM NaCl, 20% PEG-6000, and water every 3 d. After 4 days,
the root, stem and leaf tissues of PEG-6000 and the control treatment were collected respectively. After 7 days, the root, stem and leaf
tissues of PEG-6000, NaCl and control treatment were collected, respectively. After 14 days, the root, stem and leaf tissues of NaCl
and control were collected, respectively. After 21 days, above-ground and underground parts of each lines in PEG-6000, NaCl, and
normal control were observed and determined. At the same time,roots, stems and leaves were collected separately and incubated in an
oven at 80 °C for 72 h to determine the dry weight.
1.7 Histochemical staining and analysis of physiological indices

The 30-d-old paghyprpl mutant lines, OE lines and WT tissue culture seedlings were treated with 150 mM NaCl, 10% PEG-6000
and water (control), respectively. After 3 h of stress, the leaves were immersed in NBT and incubated with DAB or Evans blue staining
solution. NBT and DAB staining methods were caried out according to Liu et al. (2019). Evans blue staining was performed as
described by Yang et al. (2014).

The contents of O,", H,O,, ROS and MDA, the activities of POD and SOD, and the contents of proline in fresh leaves were detected
using detection kits from Suzhou Keming Biotechnology Co., LTD. (Suzhou, China).

1.8 Determination of Na*, K*, H" and Ca?" ion flux in roots and the analysis of gene expression levels
related to ion homeostasis
Root ion fluxes were recorded using Non-invasive Micro-test Technology (NMT) (YoungerUSA LLC., Amherst, MA, USA) and
iFluxes 1.0 software (YoungerUSA LLC.) (Sun ef al., 2009a; Xue et al., 2020; Ma et al., 2020a; Zhang et al., 2017; Zhang et al.,
2019). Na*, K" and H' fluxes in the roots of the paghyprpl mutant lines, OE lines, and WT were detected under 150 mM NaCl stress
for 14 days, and K, H" and Ca®" fluxes in roots were detected under 20% PEG stress for 7 days. Ion-selective electrodes and calibration
solutions were prepared according to previously published descriptions (Ding et al. 2020; Zhou et al. 2020; Zhao et al. 2018; Zhang et
al. 2015; Sun et al). (2009b). The root tips of different lines were taken and equilibrated in the test solution (0.1 mM KCl, 0.1 mM
CaCl,, 1.0 mM NaCl, pH 6.0) for 20 min and then continuously measured over 5—10 min to obtain stable Na*, K*, H" and Ca*" fluxes.
Each ion flux of each strain was tested using at least six replicates.

The mRNA expression levels of plasma membrane Na'/H" antiporter (SOSI) vacuolar Na'/H' exchanger (NHXI)
(Pop_G14G045122.T1), Arabidopsis K transporter 1 (AKTI) (Pop_A06G079470.T1), plasma membrane H® -ATPase (PMA)
(Pop_G06G035489.T1), calcium-dependent protein kinase 1 (CPK1) (Pop_A19G080753.T1) and respiratory burst oxidase homologs
(RBOHF) (Pop_G03G013842.T1) were analyzed using RT-qPCR with the primers listed in Table S1.

1.9 Statistical analysis

The experimental data were analyzed using one-way analysis of variance (ANOVA) in SPSS (version 22.0; IBM Corp., Armonk,

NY, USA). Student’s t-test was used to determine the statistical significance between paghyprpl mutant lines, OE lines and wild-type
84K. (*, P<0.05; **, P <0.01).

2 Results

2.1 Identification and stress response analysis of PagHyPRPI in poplar

In this study, based on the amino acid sequence of SIHyPRP1, a negative regulator of tomato salt and drought, the PagHyPRPI
gene was obtained in 84K poplar by homologous alignment. PagHyPRPI includes two alleles, PagHyPRP1A4 (Pop_A06G061665.T1)
and PagHyPRPIB (POP_G06G0759191.T1. PagHyPRP1A and PagHyPRP1B encode 198 and 213 amino acids, respectively, with
predicted molecular weights of 20.56 kDa and 22.01 kDa. Similar to HyPRPs in other plants, both PagHyPRP1A and PagHyPRP1B
proteins contain a signal peptide region, an N-terminal repeated proline-rich region, and a C-terminal 8-cysteine motif (C-C-CC-CXC-
C-C-), which belong to the 8CM protein family (Figure S1a). Phylogenetic tree analysis with reported HyPRPs proteins from other
plant species showed that PagHyPRP1A and PagHyPRP1B have the highest homology to SIHyPRP1 of S. lycopersicum (72.08%,
similarity; Figure S1b).

Expression pattern analysis showed that PagHyPRP1 was mainly highly expressed in the roots, slightly expressed in the leaves,
and very low expressed in the stems. (Figure S1c). After salt and drought stress treatments, PagHyPRPI expression was significantly
inhibited in leaves, stems and roots (Figure S1d, e). The results suggest that PagHyPRPI gene might play a negative regulatory role in
the poplar salt and drought stress response.

2.2 CRISPR/Cas9-mediated mutations of PagHyPRPI1A and PagHyPRPI1B in poplar

To investigate the role of PagHyPRP]I in salt and drought stress, we targeted alleles PagHyPRPI1A4 and PagHyPRP1B using the
CRISPR/Cas9 system. PagHyPRPI1A from P. alba and PagHyPRPIB from P. tremula var. glandulosa are located on chromosome
chr06 (Figure 1a), and both have only one exon. PagHyPRPIB has 45 bp more bases than PagHyPRPI1A at 225 bp; therefore, two
sgRNAs were designed at 57 bp from the start codon of both genes, where sgRNA2 has a 14 bp overlap region with sgRNA1(Figure
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1b). The two sgRNAs were constructed into the pHZMS58 vector containing hspCas9 driven by the A¢Y40 promoter to obtain a vector
containing two tandem pre-tRNA-sgRNA-scaffolds initiated by the 4tU6 promoter (pbHZM58-PagHyPRPI) (Figure 1c). A total of 75
resistant plants were obtained by screening in medium containing Kanamycin, and 15 positive plants were further tested using vector
primers (Figure S2), with a transformation efficiency of 20%.

To investigate the mutations of the two genes in the genome of the positive plants, genomic DNA of 15 positive plants was extracted,
PagHyPRP1A and PagHyPRPIB were specifically amplified, and PCR products and monoclonal were sequenced. The results showed
that 9 of the 15 positive plants were mutant plants with mutation efficiency of 60%. Among them, there were two homozygous mutants
(#2 and #4) with a 1 bp insertion of T in PagHyPRPI1A and a 1 bp insertion of C in PagHyPRP1B; two allelic mutations (#1 and #3)
with a 1 bp insertion of T in PagHyPRP1A and a 1 bp insertion of C or A in PagHyPRPIB; three chimeric mutants (#5, #6 and #7)
with a 1 bp insertion of T or a 1 bp deletion of C in PagHyPRPI1A4 and 1 bp or 4 bp deletions in PagHyPRPI1B; two chimeric mutants
(#14 and #15) had multiple mutation types of no change, or 1 bp to 3 bp deletions in PagHyPRPIA (Figure 1d, e). And among the 133
sequencing sites of the plasmid clone containing a single amplicon for the PagHyPRPI A targets, 128 (96.24%) mutations were detected,
including 0 mutations at the Target 1 and 96.24% mutations at the Target 2, of which 79.69% were single nucleotide insertion. Among
the 134 sequencing sites of the single amplicon targeting PagHyPRPI1B, 131 (97.76%) mutations were detected, including 39.55%
mutations at the Target 1, all of which were single nucleotide insertion; there were 58.21% mutations at the Target 2, of which 53.73 %
were 1 bp to 4 bp deletions (Figure le).

The addition or deletion of nucleotides at the target site caused a shift in the protein-coding sequence, resulting in PagHyPRP1A4 and
PagHyPRPI B knockouts. Among mutant lines #1, #2, #4 and #6, the target sites of the double gene were 100% mutated with different
genotypes, and the amino acid sequences encoded by PagHyPRP1A and PagHyPRP1B both contained only the N-terminal signal
peptide region (Figure 1f), resulting in the deletion of the structural domain; therefore, these four mutant lines were selected and named
paghyprpl-#1, paghyprpl-#2, paghyprpl-#4 and paghyprpl-#6 (prp-1, prp-2, prp-4 and prp-6) for subsequent functional studies. In
addition, no potential off-target sites were found for either of the two sgRNAs using Case-offinder in CRISPR RGEN Tools. And the
target sequence for each gRNA was used for BLASTN searches and was found to contain no single nucleotide polymorphisms (SNPs).
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Flgure 1 CRISPR/Cas9 expression Vector constructlon and CRISPR/Cas9-mediated mutations of PagHyPRPIA and
PagHyPRPIB in poplar. (a) Relationship between PagHyPRP1A and PagHyPRPIB on the chromosome. (b) Schematic illustration of the relationship
between the positions of the two sgRNAs targeting the coding sequences of PagHyPRP1A4 and PagHyPRP1B. The red capital letters are the overlapping regions
of the two sgRNAs. (c) Schematic diagram of the CRISPR/Cas9 expression vectors. Two sgRNAs were simultaneously driven by the Arabidopsis promoter AtU6-
26p, which were inserted into the editing vector of ASpCas9 driven by the Arabidopsis AtYAO promoter. (d) The direct sequencing peak map of PCR products
containing the target sites of PagHyPRPI1A and PagHyPRP1B. The red arrow indicates the location of the mutations. (¢) CRISPR/Cas9-mediated mutation types
and mutation frequency statistics of different target sites of PagHyPRP1A4 and PagHyPRP1B. The underlined part is the sgRNA1 sequence, the gray shaded part
is the sgRNA2 sequence, nucleotide alterations include: --- indicates deletion, red capital letters indicate insertion, + represents addition, - represents deletion,
and 0 indicates no alteration. (f) Amino acid sequences of the protein-coding regions deduced from PagHyPRPIA and PagHyPRPIB in the prp-1, prp-2, pip-4
and p1p-6 knockout mutants. CRISPR, clustered regularly interspaced short palindromic repeats; Cas9, CRISPR associated protein 9; sgRNA, single guide RNA;
SP, signal peptide.

2.3 Identification of PagHyPRP1 overexpressing lines and paghyprpl mutant lines by RT-qPCR

We obtained 12 PagHyPRP1 overexpression (OE) lines, which were identified by PCR and reverse transcription quantitative PCR
(RT-qPCR) analysis. The differences in PagHyPRP1 expression levels among the 12 OE lines were small, at approximately 3.72—6.92
fold higher than in the wild-type (WT) (Figure S3); therefore, OE1 and OE2 lines were randomly selected for further study. Then, the
expression levels of PagHyPRPI in OE1, OE2 and four paghyprp ! mutant lines (prp-1, prp-2, prp-4 and prp-6) after salt and drought
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stresses were further characterized using RT-qPCR. The results showed that the expression levels of PagHyPRPI in both the roots and
leaves of OEI and OE2 lines were significantly higher than those in the WT, and PagHyPRPI expression levels in prp-1, prp-2, prp-4
and prp-6 lines were very significantly lower than those in the WT at 7 d or 14 d of normal growth, at 7 d of drought stress, or at 14 d

of salt stress (Figure 2), indicating that we successfully obtained PagHyPRPI overexpression and knockout lines.
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Figure 2 Relative expression levels of PagHyPRP1 in leaves and roots of paghyprp1 mutant lines, OE lines and WT under

salt and drought stresses. (a, c) Expression levels of PagHyPRP1 in leaves and roots of paghyprpl mutant lines, OE lines and WT at normal growth
(Control) and 20% polyethylene glycol (PEG)-6000 treatment for 7 d. (b, d) Expression levels of PagHyPRP1 in leaves and roots of paghyprp1 mutant lines, OE
lines and WT at normal growth (Control) and 150 mM NaCl treatment for 14 d. Data were processed using the 2-AACt method. The bars represent the means +
the standard deviation (SD) (n = 3) * indicates significant differences between paghyprpl mutant lines and OE lines compared with the WT (*¥P < 0.05; **P <
0.01). OE, overexpression; WT, wild-type.

2.4 The evaluate of tolerance to drought stress of PagHy PRPI mutant lines

2.4.1 CRISPR/Cas9 mediated PagHy PRPI mutant lines showed better growth under drought and salt stress

To investigate the function of PagHyPRPI under drought stress, 3% PEG-6000 was added into normal rooting medium for stress
treatment. The results showed that under normal growth conditions (control), there was no significant difference in the growth status
of paghyprpl mutant lines, OE lines and WT (Figure 3a). After 3% PEG-6000 treatment, the plant height of paghyprp1 mutant lines
was inhibited, but its root length increased obviously. Meanwhile, the plant height, root length, whole plant fresh weight and root fresh
weight of paghyprpl mutant lines were significantly higher than those of OE lines and WT. In contrast, the OE lines was severely
inhibited and almost died (Figure 3a-e). And different lines of tissue culture seedlings were treated with different concentrations of
NaCl. The results showed that the growth status of paghyprp! mutant lines, OE lines, and WT were basically the same under normal
growth conditions (Figure 3f).
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Figure 3 Growth phenotypes of paghyprpl mutant lines, OE lines, and WT tissue culture seedlings under drought (a-e) and

salt (f-j) stress. Growth phenotypes of 30-d-old paghyprpl mutant lines, OE lines, and WT in rooting media containing 1% PEG-6000 (a) and different
concentrations of NaCl (0, 50, 75, and 100 mM) (f). Bars indicate 5 cm. (b-e) Plant height, root length, whole plant fresh weight, and root fresh weight of
paghyprpl mutant lines, OF lines, and WT under 1% PEG-6000 (b-e) and different concentrations of NaCl(g-j). The experiment was repeated three times with
two plants each time. The bars represent the means + the standard deviation (SD) (n = 6), *, ** indicates significant differences between paghyprpl mutant lines
and OE lines compared with the WT (*P < 0.05; **P < 0.01). #, ## indicates significant differences between paghyprp ! mutant lines and WT compared with OE
lines (#P < 0.05; ##P < 0.01). OE, overexpression; WT, wild-type.

2.4.2 CRISPR/Cas9-mediated mutation of PagHyPRPI enhances ROS scavenging under drought stress

To further investigate the function of PagHyPRPI in response to drought stress under soil conditions, 45-d-old soil seedlings were
treated with polyethylene glycol (PEG)-6000. Under normal growth conditions, the growth phenotypes of above-ground and
underground parts of paghyprpl mutant lines were significantly better than those of OE lines and WT. The stem dry weight and root
dry weight of paghyprpl mutant lines were significantly higher than those of OE lines and WT, and there was no significant difference
between OE lines and WT (Figure 4a). After 21 d of PEG-6000 treatment, the middle and upper leaves of the paghyprp! mutant lines
maintained normal growth, while only the top leaves of WT plants remained, and OE lines were the most severely damaged, with only
the wilted terminal bud portion remaining (Figure 4b). The root growth of all lines was also inhibited, among which the paghyprpl
mutant lines showed the least inhibition, and their plant height, stem diameter, stem dry weight, root dry weight, and root-shoot ratio
were significantly higher (by 1.11-1.46 times) than those of the WT plants. The OE lines showed the opposite result, with parameters
being only 0.57 to 0.89 times those of the WT (Figure 4d-h). We next measured the SOD and POD activities and proline contents of
all lines. The results showed that the paghyprpl mutant lines, OE lines and WT had similar SOD and POD activities and proline
contents under control growth conditions (4 d and 7 d). After drought stress (4 d and 7 d), the proline content, and POD and SOD
activities of all lines increased, among which the paghyprpl mutant lines increased the most, and their proline content, and POD and
SOD activities were significantly higher (by 1.12—1.43 times) than in the WT plants. By contrast, these values in the OE lines were
only 71.96-86.64% of those in the WT (Figure 4i-k), indicating that the paghyprp I mutant lines were able to improve drought tolerance
by increasing the proline content, maintaining the osmotic balance, increasing the activities of antioxidant enzymes such as POD and
SOD, and reducing the degree of oxidation.
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Figure 4 Morphological characteristics of paghyprpl mutant lines, OE lines and WT soil-cultured seedlings under drought

and salt stress. (a-c) Morphological traits of paghyprpl mutant lines, OE lines and WT plants. Bars represent 10 cm. (d-h) Plant height, stem diameter, stem
dry weight, root dry weight and root-shoot ratio of paghyprpl mutant lines, OE lines and the WT. (i-k) Proline content, and POD and SOD activities of paghyprpl
mutant lines, OE lines and the WT. 30-d-old paghyprpl mutant lines, OE lines and WT tissue culture seedlings were grown in soil for 45 d and irrigated with 0
(control) , 20% polyethylene glycol (PEG)-6000 (drought treatment) every 3 d for 4 d and 7 d , or 150 mM NaCl (salt treatment) every 3 d for 7 and 14 d to
determine proline content, and POD and SOD activities. After irrigation for 21 days, the phenotypes of paghyprpl mutant lines, OE lines and the WT were
observed and plant height and stem diameter, stem dry weight, root dry weight and root-shoot ratio were measured. The bars represent the means + the standard
deviation (SD) (n = 3), *, ** indicates significant differences between paghyprpl mutant lines and OE lines compared with the WT (*P < 0.05; **P < 0.01). #,
## indicates significant differences between paghyprpl mutant lines and WT compared with OE lines (#P < 0.05; ##P < 0.01). OE, overexpression; WT, wild-

type.

2.4.3 CRISPR/Cas9-mediated mutations of PagHyPRPI reduces oxidative damage under drought stress
To further explore the function of PagHyPRPI under drought stress, we compared the biochemical staining of paghyprpl mutant
lines, OE lines and the WT, in which Nitroblue tetrazolium (NBT) and 3,3'-Diaminobenzidine (DAB) in situ staining were performed
to detect O,” and H,O, accumulation, respectively. Evans blue in situ staining was used to detect cell death (Liu et al., 2021b). All lines
showed light staining normal conditions, indicating that they had low accumulation of H,O, and O, as well as low levels of cell
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damage (Figure 5a). Under drought stress, the staining intensity of each poplar genotype deepened, among which the paghyprpl mutant
lines had the lowest staining intensity and the lightest color, followed by WT plants, and the OE lines had the deepest color, indicating
that the accumulation of H,O, and O, and cell death in paghyprpl mutant lines were markedly lower than that in the WT plants and
OE lines (Figure 5a). Next, we further determined the contents of O,~, H;O,, ROS and malondialdehyde (MDA) in fresh leaves after
4 d and 7 d of drought stress. Among them, O, and H,O, are important components of ROS (Wang et al., 2017a), and MDA represents
the degree of lipid peroxidation (He ef al., 2018). The results showed that under control conditions (4 d and 7 d), the paghyprp mutant
lines and OE lines had similar O,", H,O,, ROS and MDA contents to the WT. After drought stress treatment, the O,", H,0,, ROS and
MDA contents of all lines increased. Moreover, the contents of all lines at 7 d were higher than those at 4 d, indicating that with the
prolongation of stress, ROS accumulation and the degree of lipid peroxidation increased in all lines. However, the contents of O,7,
H,0,, ROS and MDA in the paghyprpl mutant lines were significantly lower than those in the WT plants, at only 0.72—0.86 of the WT
level, while the OE lines had significantly higher contents than the WT plants, at 1.09—1.44 times that of the WT, which was consistent
with the staining results (Figure 5b-¢). These results indicated that the paghyprpl mutant lines developed increase drought tolerance

by decreasing ROS accumulation, membrane oxidation and cell death.
(a) OE-1 OE-2 WT prp-1 prp-2 prp-4 prp-6 OE-1 OE-2 WT prp-1 prp-2 prp-4 prp-6 OE-1 OE-2 WT prpl prpz prp-4 prp-6

s %} w3 o f;; « \ AV = e < L e \f &
YITITY: 9999007 °09 nvv
m..@ﬂ»M 10992000 9999000

DAB Evans Blue
(b) B OE-1 B OE-2 @WT O prp-1 B prp-2 B prp-4 B prp-6 A(C) @ OE-1 @OE-2 @WT O prp-1 @ prp-2 @ prp-4 M prp-6
= 250 § 35
E 20 o 3
o E
g 150 =
2 =
£ 100 ]
= =
S 50 S
' o
& S
=) 0 =
Control PEG-6000 Control PEG-6000 NaCl Control NaCl Control PEG-6000 Control PEG-6000 NaCl Control NaCl
(d) 4d 7d 14d (e) 4d 7d 14d
@ OE-1H OE-2@ WTO prp-10 prp-2E prp-48 prp-6 @ OE-1 @BOE-2 @WT O prp-1 M prp-2 @ prp-4 B prp-6
~
£ Z
= o0
= —=
S
g E
~ =
- =
= -
£ g
§ £
b g
p <
=] a
# =
Control PEG-6000 Control PEG-6000 NaCl Control NaCl Control PEG-6000 Control PEG-6000 _ NaCl Control NaCl
4d 7d 14d 4d 7d 14d

Figure 5 CRISPR/cas9-mediated mutations of PagHyPRP]I reduces oxidative damage in drought and salt stress. (a) NBT and
DAB staining of paghyprpl mutant lines, OE lines and WT reveal the accumulation of O,~ and H,O,, and Evans blue staining analysis of cell death. (b-e) The
contents of Oy~ HyO,, ROS and MDA in paghyprpl mutant lines, OE lines and WT. 30-d-old paghyprpl mutant lines, OE lines and WT tissue culture seedlings
were treated in 10% polyethylene glycol (PEG)-6000 or 150 mM NaCl solution for 3 h and stained with NBT, DAB and Evans blue, with water treatment as a
control. 30-d-old 84K paghyprp! mutant lines, OE lines and WT of tissue culture seedlings were grown in soil for 45 d and irrigated with 0 (control), 20% PEG-
6000 (drought treatment) every 3 d for4 d and 7 d ,or 150 mM NaCl (salt treatment) every 3 d for 7 d and 14 d. The O,~, HO,, ROS and MDA contents were
determined. The bars represent the means + the standard deviation (SD) (n = 3), *, ** indicates significant differences between paghyprp ! mutant lines and OE
lines compared with the WT (*P < 0.05; **P < 0.01). #, ## indicates significant differences between paghyprpl mutant lines and WT compared with OE lines
(#P < 0.05; ##P <0.01). CRISPR, clustered regularly interspaced short palindromic repeats; Cas9, CRISPR associated protein 9; OE, overexpres sion; WT, wild-
type; NBT, Nitroblue tetrazolium; DAB, 3,3’ -Diaminobenzidine; ROS, reactive oxygen species; MDA, malondialdehyde.

2.4.4 CRISPR/ Cas9-mediated mutation of PagHyPRPI regulates Ca?*, K* and H' ion flux under drought

stress

To investigate whether PagHyPRPI is involved in the regulation of ion balance, we measured Ca>*, K™ and H' ion flux (600 um
from the root tip) of the paghyprpl mutant lines, OE lines and WT plants using Non-invasive Micro-test Technology (NMT) after 7 d
of drought stress treatment. Under normal growth conditions, all lines had low Ca?" and H' influx, and K" efflux. After drought stress,
the paghyprpl mutant lines displayed a much higher (by 1.20—1.39 times) Ca®" influx than that of WT; while the Ca®" influx in the OE
lines was significantly lower (by 0.68 and 0.74 times) than that in the WT (Figure 6a). Drought stress also increased the H' influx, and
the paghyprpl mutant lines showed higher (by 1.27-1.43 times) H" influx than that in the WT; while the OE lines exhibited a
significantly lower (66.48-71.39%) H" influx than that in the WT (Figure 6¢). Meanwhile, drought stress caused K* efflux, and the
paghyprpl mutant lines had a lower (by 0.60-0.72 times) K* efflux compared with that in the WT; while the OE lines had a more
pronounced (by 21.83% and 29.28%) K" efflux than that in the WT (Figure 6b). In addition, we compared the expression levels of
some key genes affecting plant ion homeostasis in the paghyprp 1 mutant lines, OF lines and WT, such as CPK1 for Ca*" transport and

1219



55 )\ Jaiep AR 22 AROR 2 S16 MABIE T M7 2

signaling; AKTI for K" uptake and transport; PMA that drives ion transport; and RBOHF, which encodes NADPH oxidase and is
involved in Ca®" signaling under drought stress. Under normal growth conditions, the expression levels of CPK1, AKT1, PMA and
RBOHF in the paghyprpl mutant lines and OE lines were not significantly different from those in the WT (Figure 6d). After drought
stress, the expression levels of the four genes were significantly different, among which the expression levels of CPK1, AKT1 and PMA
in the paghyprpl mutant lines were significantly higher, and the expression level of RBOHF was significantly lower, than in the WT
and the OE lines showed the opposite results (Figure 6¢). Taken together, these results suggested that the paghyprpl mutant lines might
improve drought resistance by regulating the expression of ion homeostasis-related genes to increase Ca®" and H™ influx, reduce K*
efflux, and maintain the intracellular ion balance.

—_

c)

@ OE-18 OE-20 WTO prp-18 prp-28 prp-48 prp-6

(a) 3 OE-13 OE-20 WTO prp-10 prp-23 prp-48 prp-6 :-\(b) B OE-18 OE-20 WTO prp-18 prp-20 prp-48 prp-6

0 [

% 2 300 %
g = E 250 E
- © -

e g wm =z
2 -150 2 g
= = 150 220
£ 200 z 00 z
= = =
T <250 " = 30 i
& it 2 50 = o,
O -300 o owogu |27 = ooy s
= * o 1) h
2 300 s 1z 0 7 40
(d) Control PEG-6000 Control ( ) PEG-6000 Control PEG-6000

e

3 @ OF-1 @ OE-2 @WT O prp-1 8 prp-2 @ prp-4 B prp-6 5 B OE-1 @ OE-2@WT O prp-1 8@ prp-2 @ prp-4 @ prp-6
5 =

- Control PEG-6000 . =
=) =
2 2
& ]
Z £
- a
) -
2 o
z =

=

=

CPKI AKTI PMA RBOHF
CPKI AKTI PMA RBOHF 1

Figure 6 Ca?", K" and H" ion flux and ion transport-related gene expression in paghyprpl mutant lines, OE lines and WT

root tips under drought stress. (a-c) Ca?*, K* and H' ion flux in root tips. The bars represent the means + the standard deviation (SD) (n = 6). (d-¢)
Expression levels of CPK1, AKTI, PMA and RBOHF in paghyprpl mutant lines, OE lines and the WT. The bars represent the means =+ the standard deviation
(SD) (n = 3). *, ** indicates significant differences between paghyprp! mutant lines and OE lines compared with the WT (¥*P < 0.05; **P < 0.01). #, ## indicates
significant differences between paghyprp! mutant lines and WT compared with OE lines (#P < 0.05; ##P < 0.01). OE, overexpression; WT, wild-type.

2.5 The evaluate of tolerance to salt stress of PagHyPRPI mutant lines
2.5.1 CRISPR/Cas9 mediated PagHyPRPI mutant lines showed better growth under salt stress
Under different concentrations of NaCl, the growth of all lines was inhibited. The OE lines were more severely inhibited by
increasing salt concentration, in which plant height, root length, whole plant fresh weight, and root fresh weight were significantly
lower than those in the WT. The plant heights of the paghyprp I mutant lines were reduced, however, the number of primary roots were
significantly increased and the root length was less inhibited, making the root fresh weight of the paghyprpI mutant lines significantly
higher than that of the WT (by 1.29-2.08 times). In addition, the plant height, root length (except 50 mM NaCl) and whole plant fresh
weight of the paghyprpl mutant lines were significantly higher than those of the WT and OE lines (Figure 3g-j). Indicating that
PagHyPRPI may play an important role in poplar roots.
2.5.2 CRISPR/Cas9-mediated mutations of PagHyPRPI enhances ROS scavenging under salt stress
We further explored the function of PagHyPRP]I in salt stress in soi. The results showed that after NaCl treatment for 21 d, all the
leaves of the OE lines and WT plants were wilted to abscission, whereas the upper half of the paghyprpl mutant lines maintained
normal growth; however, the lower leaves wilted and withered (Figure 4c). In addition, the root growth of all lines was inhibited;
however, the roots of the paghyprp 1 mutant lines were significantly less inhibited than other plants, which resulted in the plant height,
stem diameter, stem dry weight, root dry weight and root-shoot ratio of the paghyprp! mutant lines being significantly higher (by 1.11—
1.52 times) than those of the WT plants. The OE lines showed the opposite result, with these parameters being only 0.62—0.88 times
that of the WT (Figure 4d-h). These results were consistent with those of the tissue culture seedlings. Then, we measured the activities
of superoxide dismutase (SOD), peroxidase (POD) and the contents of proline in fresh leaves of all lines. Under control growth
conditions (7 d and 14 d), there were no significant differences in the contents of proline, SOD and POD between the paghyprpl mutant
lines and the OE and WT lines. The proline content, and POD and SOD activities of all genotypes increased under salt stress, but the
contents at 14 d were lower than those at 7 d, indicating that the POD and SOD activities of all lines decreased gradually with extended
stress time. However, the proline content, and POD and SOD activities of the paghyprpl mutant lines were significantly higher than
those of the WT plants, increasing by 1.13-1.37 times compared with those of WT. Meanwhile, the contents in the OE lines were
significantly lower than those in the WT plants at both 7 d and 14 d under salt conditions, at only 79.38—87.37% of the WT contents
(Figure 4i-k). These results indicated that the paghyprpl mutant lines could improve the salt tolerance of plants by increasing the
content of proline, enhancing the activities of antioxidant enzymes such as POD and SOD, and reducing the accumulation of ROS.
2.5.3 CRISPR/Cas9-mediated mutations of PagHyPRPI reduces oxidative damage under salt stress
To investigate whether CRISPR/Cas9-mediated PagHyPRPI mutation could also reduce the oxidative damage to poplar under
salt stress, we performed DAB and NBT staining, and O, H;O, and ROS content determination. The results showed that the leaf color
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range of paghyprpl mutant lines was the smallest and the color was the lightest after salt stress, followed by the WT and OE lines
(Figure 5a). After 7 d and 14 d of PEG-6000 treatment (to simulate salt conditions), the accumulations of O,~, H,O, and ROS in the
paghyprpl mutant lines were significantly lower (at 0.72—0.87 times) than those in the WT; whereas in the OE plants, the levels of
these factors were significantly higher (by 1.12—1.35 times) than in WT plants (Figure 5b-d). The results of Evans blue staining and
MDA content determination showed that the paghyprpl mutant lines had the lightest staining, while the OE lines had the deepest
staining after salt stress (Figure 5a). After 7 d and 14 d of PEG-6000 treatment, the MDA content of paghyprpl mutant lines were
significantly lower (by 78.01-86.73%) than in the WT plants. By contrast, the MDA content of the OE lines increased by 1.13—1.18
times comparted with that of the WT (Figure 5e). In conclusion, the paghyprpl mutant lines could maintain relatively low O,", H,O,
ROS and MDA levels after both 7 d and 14 d of salt stress, indicating that paghyprp 1 lines could improve salt resistance by maintaining
low oxidative damage, reducing cell death, and protecting cell membrane integrity.
2.5.4 CRISPR/Cas9-mediated mutations of PagHyPRPI regulates Na*, K* and H* ion flux under salt stress

To better understand the function of PagHyPRPI, we measured the Na*, K" and H' ion flux and related gene expression levels in
the paghyprpl mutant lines, OE lines and WT plants (600 pm from the root tip) after 14 d of salt stress treatment. The results showed
that under normal growth conditions, all lines exhibited Na™ and K* efflux, and the efflux levels of the different lines were similar
(Figure 7a, b). After salt stress, Na* efflux increased significantly in all lines. Notably, the paghyprpl mutant lines showed higher (by
1.32-1.66 times) Na* efflux than the WT. However, the Na™ efflux in the OE lines was significantly lower (only 0.60 and 0.69 times)
than that of the WT (Figure 7a). Salt stress also increased the K* efflux in all lines, with the paghyprpI mutant lines displaying a much
lower (by 0.63—0.78 times) K" efflux than the WT; the OE lines showed a significantly higher (0.26 and 0.35 time) K" efflux than that
of the WT (Figure 7b). The H" influx was weak (0 pmol cm™ s™!) in all lines under normal conditions and increased significantly after
salt stress. The H' influx in paghyprpl mutant lines was much higher (by1.45-1.70 times) than that in the WT. However, the OE lines
showed lower H' influx (by 0.46 and 0.55 times) than the WT (Figure 7c). Under control conditions, the expression levels of only two
genes, NHXI and PMA, in the paghyprpl mutant lines were significantly higher than those in the WT, and the OE lines showed the
opposite results (Figure 7d). Under salt stress, the expression levels of the five genes were significantly different. Among them, the
expression levels of SOS1, NHX1, AKTI and PMA in the paghyprp 1 mutant lines were significantly higher than those in the WT, while
RBOHEF expression was significantly lower than that in the WT. The opposite results were observed in the OE lines (Figure 7¢). These
results suggested that the paghyprpl mutant lines might increase Na* efflux and H efflux and decrease K efflux by regulating the
expression of genes related to ion homeostasis, thereby maintaining intracellular Na*/K* homeostasis and improving plant salt tolerance.
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Figure 7 Na*, K" and H* ion flux and ion transport-related gene expression in paghyprpl mutant lines, OE lines and WT

root tips under salt stress. (a-c) Na*, K* and H* influx in root tips. Positive values indicate efflux, negative values indicate inflow. The bars represent the
means + the standard deviation (SD) (n = 6). (d-e) Expression levels of SOSI1, NHX1, AKTI, PMA and RBOHF in paghyprpl mutant lines, OE lines and the WT.
The bars represent the means =+ the standard deviation (SD) (n= 3). *, ** indicates significant differences between paghyprp I mutant lines and OE lines compared
with the WT (*P <0.05; **P < 0.01). #, ## indicates significant differences between paghyprpl mutant lines and WT compared with OE lines (#P < 0.05; ##P <
0.01). OE, overexpression; WT, wild-type.

3 Discussion

3.1 Identification of PagHyPRPI gene function in poplar

Previous studies have shown that most HyPRPs could act as positive and negative regulators of biotic and abiotic stress in plants
(Banday et al., 2022). However, there are few studies on the involvement of poplar HyPRPs in responses to abiotic stress. HyPRPs are
conserved and show diverse distribution, exerting different roles in the responses of different plants to biotic and abiotic stresses (Saikia
et al., 2020a). The studies of HyPRP proteins participating in abiotic stress response in the reported plants were mainly focused on
leaves. For example, SIHyPRPI was mainly expressed in the leaves of S. lycopersicum (Li et al., 2016). And in P. trifoliata, PtrPRP
was expressed in both roots, stems and leaves (Peng ef al., 2015). In this study, PagHyPRPI gene was mainly highly expressed in the
roots, slightly expressed in the leaves, and very low expressed in the stems (Figure S1). This is different from the expression of HyPRP
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genes in reported plants, indicating that the regulatory mechanisms of PagHyPRPI may be different. Salt and drought stress
experiments under medium and soil conditions showed that the pagHyPRPI mutant lines had better growth phenotypes than the WT
and OE lines. The root system of the paghyprpl mutant lines were the most developed, with significantly higher root length and root
weight (fresh and dry weight) than WT and extremely significantly higher than OE lines (Figure 3, 4), indicating that the root system
of the paghyprpl mutant lines may play an important role in drought and salt stress. At the same time, in soil seedlings, the growth
phenotype of the above-ground and underground parts of paghyprp! mutant lines were significantly better than OE lines and WT plants
under normal growth conditions, which was different from previous studies on S/HyPRPI, which did not cause significant
developmental phenotype changes under no stress conditions (Li ef al., 2016), indicating that the absence of PagHyPRPI gene may
also promote the growth of poplar under non-stress conditions. The above results showed that paghyprpl mutant lines had better growth
phenotype, more developed root system and higher stress tolerance, suggesting that PagHyPRPI might act as a negative regulator in
poplar salt and drought stress response, in which root system may play an important role.

3.2 CRISPR/Cas9-mediated mutations of PagHyPRPI reduce oxidative damage under salt and drought

stress in poplar

Under normal growth conditions, plants maintain redox homeostasis through self-regulation, and when exposed to adverse
environments, a large amount of ROS will accumulate, resulting in oxidative damage (Wang et al., 2021; Li et al., 2022; Zhou et al.,
2020); therefore, scavenging of ROS is important to improve plant stress tolerance. The antioxidant enzymes SOD and POD play
important roles in the removal of ROS and can affect the cellular ROS level (Liu ez al., 2021a). In addition, proline, as an important
osmotic regulator, has an important function in preventing stress damage to plants (Zhang ef al., 2019a). In this study, under salt and
drought stress, the paghyprpl mutant lines showed higher SOD and POD activities; a higher proline content; and lower O,~, H,O»,
ROS and MDA levels than the WT, whereas OE lines exhibited severe ROS-mediated damage (Figure 4, 5). These results suggested
that the improved salt and drought tolerance of the paghyprpl lines could be attributed to their lower ROS levels and higher proline
content. This is similar to the positive or negative regulation mechanisms of HyPRPs in other plants. For example, SIHyPRPI-RNAi
transgenic lines in tomato showed improved oxidative stress tolerance by increasing the expression of ROS scavenging genes such as
SOD, CAT and MsrB (Li et al., 2016). PtrPRP-RNAI plants of trifoliate orange had higher electrolyte leakage and MDA content,
increased ROS accumulation, and lower levels of proline than WT plants, and showed higher sensitivity under low temperature stress
(Peng et al., 2015). CRISPR/Cas9-mediated rice OsPRPI mutants had decreased antioxidant enzyme activity and proline, chlorophyll,
abscisic acid (ABA) and ascorbic acid (AsA) contents under low temperature stress, resulting in decreased stress resistance (Nawaz et
al., 2016). CaMV35S-CcHyPRP (Cajanus cajan) conferred tolerance to salt, drought and heat stress in transgenic rice by enhancing
catalase (CAT) and SOD activities and reducing MDA levels (Mellacheruvu ez al., 2016).

3.3 CRISPR/Cas9-mediated mutations of PagHyPRPI improve ion homeostasis and signaling under

drought stress in poplar

Calcium ions (Ca*") are important secondary messengers in signal transduction in response to various stresses in plants (Dong et
al., 2022; Dodd et al., 2010). Drought stress can stimulate a unique Ca®" signal that is received and sensed by Ca" sensors, such as
calcium-dependent protein kinases (CPKs), to elicit a series of physiological and biochemical responses to the adverse environment
(Dong et al., 2022; Chen et al., 2021). K* can promote water uptake in plants by regulating the cellular osmotic potential (Sklodowski
et al., 2017; Boscari et al., 2009). Drought stress can activate outward rectifying K channels and lead to cellular K* efflux; therefore,
it is very important to maintain cellular K™ homeostasis (Feng et al., 2016). Inward-rectifying K* channels, such as AKT1, are major
contributors to K™ uptake and transport (Zhao et al., 2021; Very et al., 2003). K* uptake by plants is mediated by the electrical gradient
and proton motive force provided by H-ATP (Shabala et al., 2016). K*, H and Ca*" transport and balance in mesophyll cells are
regarded as potential chemical signals and indicators of drought stress in soybean (Mak et al., 2014) and barley (Feng et al., 2016). In
this study, the paghyprp 1 mutant lines showed higher expression of CPK1, AKT1 and PMA under drought stress, and maintained higher
Ca”" influx and lower K* efflux (Figure 6). These results suggested that the paghyprpl mutant lines might increase Ca*" influx and
decrease K* efflux by participating in Ca®" signaling to regulate ion homeostasis and improve plant drought resistance. At the same
time, the paghyprpl mutant lines showed higher H" influx, which might lead to alkalization of apoplasts in the roots. “Extracellular
alkalinization” can act as a signal to regulate the process of plant growth and immunity, slow down growth, enhance immunity and
enhance environmental adaptability (Liu et al., 2022). Previous studies have shown that alkalinization of xylem sap pH is an early
response to drought stress in plants (Li ez /. 2021b; Bahrun ef al., 2002; Jia and Davies, 2007). Feng et al. (2016) and li et al. (2021b)
found that drought tolerance in barley was associated with high H' influx in the leaf mesophyll. In addition, overexpression of HvAKT2
and HvHAK]I in barley enhanced plant K™ uptake and H™ homeostasis, which in turn improved drought tolerance in transgenic lines
(Feng et al. 2020). Recently, it was shown that overexpression of Dendrobium catenatum DcCIPK24 increased drought and salt
tolerance of transgenic Arabidopsis by increasing Ca*" and H" influx (Zhang et al., 2022).

3.4 CRISPR/Cas9-mediated mutations of PagHyPRPI improve ion homeostasis under salt stress in

poplar

In addition to oxidative damage and osmotic stress, salt stress can also cause ion toxicity (Van et al., 2020; Zhang et al., 2019b).
Under salt stress, excessive sodium uptake by plant cells causes depolarization of the plasma membrane, which in turn activates outward
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potassium channels to cause K" efflux, resulting in a K*/Na* ratio imbalance (Wu ef al., 2018; Sun et al., 2018). SOS channels play an
important role in maintaining ion homeostasis in plant cells (Zhu et al., 2016; Yang et al., 2018b; Mahi et al., 2019). The Na'/H"
antiporter (SOS1) located at the plasma membrane is responsible for transporting excess Na™ from the cytoplasm to the extracellular
space (Shi et al., 2000; Yin et al., 2020b), and the vacuolar localized Na*/H" antiporter (NHX1) can mediate vacuolar Na*
compartmentalization and catalyze the electroneutral exchange of H" for Na or K (Barragan ez al., 2012; Bassil et al., 2019).
Intracellular retention of K* helps to withstand stress from Na* shock. During salt stress, K* can be transported into cells through AKT]
to maintain a high K*/Na" ratio (Zhang et al., 2019b; Ali et al., 2019). The plasma membrane H-ATPase (PMA) can maintain the
cellular H' gradient and provide the proton motive force required for the Na*/H' reverse transporter (Li et al., 2022; Chen et al., 2021;
Bassil et al., 2014); it can also limit Na* input and K" output by affecting the membrane polarity of the intercellular compartment (Van
et al., 2020). In this study, paghyprpl mutant lines showed higher expression of SOS1, NHXI1, AKTI and PMA, higher Na* efflux and
H' efflux, and lower K efflux (Figure 7), indicating that paghyprp! mutant lines might increase Na* efflux and limit K™ efflux in the
roots by inducing the expression of ion transport-related genes, thereby maintain a high K*/Na" ratio to enhance their salt tolerance.
According to Ding ef al. (2020) and Su et al. (2019), higher net Na* efflux, H" influx, and stronger inhibition of K* efflux can effectively
improve salt tolerance. For example, higher expression levels of NHX1 and SOSI induced by salt stress in transgenic poplar ABJO1,
resulted in increased accumulation of the Na'/H" antiporter, inducing higher net Na* efflux, H' influx, and lower K" efflux to effectively
improve salt tolerance; and Arabidopsis pop2-5 mutants could regulate K™ retention and Na* exclusion by increasing the expression of
SOSI, NHXI and AHA2 (H'-ATPase) to improve plant salt tolerance. Moreover, the salt-tolerant model species Populus euphratica
maintains cell viability under long-term salt stress by upregulating the expression of SOSI, NHXI, PMA, CPKI and other genes to
increase the influx of HY, CI', Ca®" and the efflux of Na”, and reduce K" loss under salt stress to maintain ion homeostasis (Zhang et
al.,2015).

3.5 CRISPR/ Cas9-mediated PagHyPRPI mutant lines are involved in ROS signaling under salt and

drought stress

ROS are closely related to the generation and regulation of plant signals in response to biotic or abiotic stress (Gilroy et al., 2016).
ROS play a dual role in plants. An appropriate amount of ROS can act as signal molecules in response to abiotic stress (Marino ef al.,
2012), while excessive ROS will break the intracellular oxidative balance and cause damage to plants (Gill et /., 2010). Studies have
shown that NADPH oxidase, encoded by respiratory burst oxidase homologs (RBOHs), is the main source of ROS production and
accumulation in apoplasmic bodies under stress conditions (Kadota et al., 2015). lower expression of RBOHF in mutants could
modulate appropriate ROS signalling, such as H,O,, then activate various Ca*" channels and promote Ca*" influx in extracellular via
HPCALI. Under drought-simulated stress, Ca>" signalling could activate CPK/ and other CPKS to promote Ca>" signal transduction
and trigger transcriptional responses to stress. Meanwhile, the higher levels of CPK/ might, in turn, promote Ca* influx (Chen et al.,
2021; Zhang et al., 2022; Mittler et al., 2022). In addition, the increased H" influx and decreased K* effluxmight result from the
upregulation of PMA and AKT. Higher levels of ion concentration in the mutants could benefit the formation of osmoregulation
substances and reduce the intracellular water potential, which then improves the drought tolerance by maintaining the balance of

osmotic pressure (Figure 8). Likewise, under salt stress, the appropriate ROS might form a “ROS-Ca*™ hub to activate the SOS
signalling pathway (Chen et al., 2021). Hence the upregulated expression of SOSI and NHX] in the mutants could activate Na'/ H
transporters to promote Na* efflux and H" influx. Besides, the increased levels of PMA and AKT1 expression in the mutants indicated
limit levels of K" effluxand enhanced electrogenic proton (H") pumps, resulting in higher levels of salt tolerance in the mutants by
maintaining the balance of Na"/K* in intracellular (Figure 8).
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Figure 8 ROS signalling pathway analysis of mutant lines in response to drought and salt stress. The double lines at the top
represent the plasma membrane. The light orange and light green backgrounds show signal transduction and ion transport under salt stress and drought stress,
respectively. The overlaps are shared by salt and drought stress. The sensors are separated in this image for clarity. The relative expression levels in p were Z-
scaled log,FPKM.

4 Conclusion
This study shows a successful multilocus genome editing on PagHyPRPI of P. alba x P. glandulosa by CRISPR/Cas9, with a 60%
editing efficiency. The mutations were stable over the asexual propagation procedure, and the PagHyPRPI expression was almost
undetectable. The four new mutants were integrated into the poplar germplasms with significantly improved drought and salt tolerance.
This work also opens a new avenue for applying CRISPR/Cas9 to create new germplasm for stress resistance in forest trees. This great
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input to the new poplar germplasms can facilitate forestation in difficult environments.
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Figure S1 Multiple alignment, phylogenetic analysis, and expression analysis of PagHyPRP1A and PagHyPRPIB. (a)
Sequence alignment of the deduced PagHyPRP 1A and PagHyPRP 1B sequences with other HyPRP sequences. The signal peptides are framed in red, the proline-
rich region are framed in light blue, and the C-terminal eight cysteine motifs are framed in dark blue. Identical amino acids are shaded in black, and similar amino
acids are shaded in gray. (b) Phylogenetic tree analysis of PagHyPRP 1A, PagHyPRP 1B and reported HyPRP proteins from other plant species using the neighbor-
joining method in the MEGA v.5.0 software. The scale bar represents 0.1 substitutions per site. (c) Relative expression level of PagHyPRP1 in the leaf, root, and
stem. The expression level in the stem was normalized to 1. (d, ) Relative expression levels of PagHyPRPI in leaves, roots and stems of poplars under salt and
drought stress. 30-d-old wild-type 84K poplar seedlings were subjected to 200 mM NaCl and 20% polyethylene glycol (PEG)-6000 for the indicated times. The
bars represent the means + the standard deviation (SD) (n = 3).
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Figure S2 Identification of paghyprpl mutant lines by using a genomic DNA PCR analysis of the U6, Cas9 and Kan. #1-#15:
15 mutant lines; WT: wild type; P: The plasmid DNA of pHZM58-PagHyPRP I cassette binary vector as a positive control; M: 2000 bp DNA markers.
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Figure S3 Identification of pagHyPRPI OE lines by PCR and reverse transcription quantitative PCR (RT-qPCR). PCR
confirmation of 12 OE lines with pROKII-1 (a) and pROKII-2 (b). OE: overexpression, WT: wild type; M: 2000 bp DNA markers. (c) RT-qPCR analysis of
pagHyPRP I expression level in OE lines. The bars represent the means + the standard deviation (SD) (n = 3) * indicates significant differences between OE lines
compared with the WT (*P < 0.05).

Table S1 Primer sequences used in this study.

Genes Forward and reverse primers (5°-3”)
Primers used for RT-qPCR

PagHyPRP1 CCTAAAGCTCCTATTACACTCCCTC TAGCCCACCAAGAAGATCCAC
SOS1 ACAAACCAAGGGAACGTGAG GATCGCTTGACTTGGCTACC
NHXI CACACACCAGAAAGCTGCAT GGAGCACCTTCTCCAACTGA
HKTI1 TATGCCAACAAAGCAACAGG CCAGTTGAGAACCCGACATT
AKTI TTGCCCAGAAAAGGAAGAAG TCCATCAGTGGCAAATACGA
PMA TGACATATGTGCCGCTTGAT GTGGGAGGTCTCAGGAGGTT
CPK1 GATCTGATGGATGCTGCTGA ATCAAGGTGGAGCTCGCTTA
RBOHF AACAAGGGAGCAGGGTTCTT ACCGTTTTTCGCATGGTTTA
Actin CATCCAGGCTGTCCTTTCCC AACGAAGGATGGCGTGTGG
Primers used for identify paghyprpl mutant lines
U6 TGTCCCAGGATTAGAATGATTAGGC CATCGGAACTGCAAAACTCA
Cas9 ATCGTGGACCTGCTGTTCAAGAC TACAGGTACAGCTTCTCGTTCTGCAG
Kan ATGGGGATTGAACAAGATGGATTGC TCAGAAGAACTCGTCAAGAAGGCGA
Primers used for identify OE lines
PROKII-1 AGACGTTCCAACCACGTCTT CCAGTGAATTCCCGATCTAG
PpROKII-2 TTTCATTTGGAGAGAACACG TGCCAAATGTTTGAACGATC
Primers used for identify PagHyPRP1A and PagHyPRPIB targeted sites
PagHyPRPI1A CTCCACAAACTATACCACTCTG AAATCCTTGCGCATAGGCTC
CGGTATAGGTACCGAGAGTGAACGGTACC
PagHyPRP1B ATGGATTCTACC TTTCAGC GCCAGGTAAAGTGAAGAACGTG
Primers used for vector construction
Constructs Forward and reverse primers (5’-3")
pHZM58- ATATATGGTCTCGGCAGCCGCCCCAACTCT ATTATTGGTCTCGAAACCAAGAACCACA

TGACTGGTTTTAGAGCTAGAAATAGC GTCAAGAGTGCACCAGCCGGGAATC
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PagHyPRP1

CGGGGTACCATGGATTCTACCAAAATTTCA CGAGCTCCTAGAGAGAGCAAGTGTAAC

pROKII-PagHyPRP1 GC CAG
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