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Mitigating cadmium accumulation in rice 
without compromising growth via modifying 
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Abstract 

Cadmium (Cd) intake poses a significant health risk to humans, and the contamination of rice grains with Cd 
is a major concern in regions where rice is a staple food. Although the knockout of OsNRAMP5, which encodes a key 
transporter responsible for Cd and manganese (Mn) uptake, can significantly reduce Cd accumulation in rice grains, 
recent studies have revealed that this knockout adversely affects plant growth, grain yield, and increases vulnerability 
to abiotic and biotic stresses due to reduced Mn accumulation. In this study, we employed CRISPR/Cas9 technology 
to modify the regulatory region of OsNRAMP5 with the aim of reducing Cd accumulation in rice grains. Our findings 
demonstrate that mutations in the regulatory region of OsNRAMP5 do not impact its expression pattern but result 
in a reduction in translation. The decreased translation of OsNRAMP5 effectively decreases grain Cd accumulation 
while leaving Mn accumulation and important agronomic traits, including yield, unaffected. Thus, our study presents 
a practical and viable strategy for reducing Cd accumulation in rice grains without compromising Mn accumulation 
or overall rice production.
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The intake of cadmium (Cd) poses a serious health threat 
to humans, with rice being a major source of Cd intake 
for Asian people (Song et al. 2017; Tsukahara et al. 2003). 
In certain regions of southern China, soil contamination 
and acidification have led to a significant portion of rice 
grains surpassing the Chinese Cd limit (Zhao et al. 2015; 
Zhu et  al. 2016). Consequently, there is an urgent need 

to reduce Cd accumulation in rice grains. Since Cd is not 
essential for plant growth, plants primarily transport Cd 
through manganese (Mn), iron (Fe), or zinc (Zn) trans-
porters (Clemens et  al. 2013). In rice, the OsNRAMP5 
transporter, a member of the Natural Resistance-Asso-
ciated Macrophage Protein (NRAMP) family, plays 
a crucial role in the uptake of both Mn and Cd uptake 
(Ishikawa et  al. 2012; Sasaki et  al. 2012). Knocking out 
OsNRAMP5 significantly decreases Cd and Mn accu-
mulation in shoots and grains. While earlier studies have 
suggested that OsNRAMP5 knockout reduces Cd accu-
mulation without affecting plant growth and grain yield 
(Ishikawa et  al. 2012; Tang et  al. 2017), recent reports 
have demonstrated that OsNRAMP5 knockout lines 
exhibit diminished plant growth and grain yield, along 
with increased sensitivity to abiotic and biotic stresses 
due to reduced accumulation of the essential micronutri-
ent Mn (Dong et al. 2021; Pei et al. 2023; Yang et al. 2019). 
These findings highlight the potential risk associated with 
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reducing grain Cd accumulation through OsNRAMP5 
knockout for rice production. In this study, we present a 
feasible strategy to reduce grain Cd accumulation with-
out affecting Mn accumulation and rice production by 
utilizing CRISPR/Cas9-mediated genome editing of the 
regulatory region of OsNRAMP5.

We designed five small guide RNAs to target specific 
regions of OsNRAMP5, located before the start codon 
(Fig.  1a). We obtained two lines, namely #17 and #27, 
which exhibited different deletion and insertion muta-
tions within the regulator region of OsNRAMP5 (Fig. 1a). 
Line #17 displayed a 166-bp deletion spanning -310 bp to 
-144 bp, along with a 1-bp insertion at -417 bp from the 
start codon of OsNRAMP5. On the other hand, line #27 
featured a 190-bp deletion between -323 bp and -133 bp, 
with a 1-bp insertion at -417  bp from the start codon 
(Fig. 1a). Analyzing mRNA expression demonstrated that 
the mutations in the regulator region of OsNRAMP5 in 
these two lines did not significantly impact the expres-
sion level of OsNRAMP5 (Fig. 1b). To investigate whether 
the mutations influence the tissue-specific expression 
pattern of OsNRAMP5, we amplified the upstream reg-
ulatory region of OsNRAMP5, located before the start 
codon, from both WT and line #17, and fused them 
with β-glucuronidase (GUS) reporter gene, generat-
ing the pOsNRAMP5WT:GUS and pOsNRAMP5#17:GUS 
constructs, respectively. These constructs were subse-
quently introduced into rice plants. We selected two 
independent transgenic lines of pOsNRAMP5WT:GUS 
or pOsNRAMP5#17:GUS with similar GUS gene expres-
sion levels (Fig. 1c). GUS staining analysis revealed that 
the pOsNRAMP5#17 mutation did not significantly alter 
the GUS expression pattern but reduced the GUS signal 
(Fig. 1d). These results suggest that the pOsNRAMP5#17 
mutation might impair the translation efficiency of GUS.

To further validate the negative effect of the pOs-
NRAMP5#17 mutation on translation, we fused the 
WT or mutated upstream regulatory regions of OsN-
RAMP5 with luciferase reporter gene (LUC) and 
introduced the constructs, pOsNRAMP5WT:LUC 
and pOsNRAMP5#17:LUC, into rice protoplasts. 
The results showed that the pOsNRAMP5#17 
mutation did not affect the mRNA expres-
sion of LUC but led to a decrease in the LUC sig-
nal (Fig.  1e and f ). Additionally, we generated 
constructs of pOsNRAMP5WT:OsNRAMP5-HA and 
pOsNRAMP5#17:OsNRAMP5-HA and introduced 
them into rice protoplasts, respectively. Although the 
mRNA expression level of OsNRAMP5-HA was similar 
between the two constructs, there was reduced accu-
mulation of OsNRAMP5-HA protein in the protoplasts 
expressing pOsNRAMP5#17:OsNRAMP5-HA compared 
to those expressing pOsNRAMP5WT:OsNRAMP5-HA 

(Fig. 1g and h). These findings collectively suggest that 
the pOsNRAMP5#17 mutation negatively impacts the 
translation of the target gene. It has been increasingly 
recognized that the 5’ untranslated region (5’UTR) of 
certain genes can adopt specific structures to modu-
late mRNA translation (Leppek et al. 2018). To exam-
ine whether the pOsNRAMP5#17 mutation affects the 
integrity of the 5’UTR of OsNRAMP5, we performed 
5’ rapid amplification of cDNA ends (RACE) to iden-
tify the 5’UTR of OsNRAMP5 in both the WT and 
line #17. However, our analysis only identified a 96-bp 
5’UTR of OsNRAMP5 (Fig.  1a), and no differences 
were found in the 5’UTR sequence in the WT and the 
mutant line. We suspect that the 5’UTR of OsNRAMP5 
may possess a complex secondary structure that pre-
vents amplification by 5’RACE.

To evaluate the impact of the mutations in the regula-
tory region of OsNRAMP5 on plant growth and metal 
accumulation, we conducted a growth experiment using 
WT, line #17, line #27, and an Osnramp5 mutant con-
trol. The plants with two-weeks-old were grown in a 
nutrient solution containing 0.1 μM Cd and various con-
centrations of Mn for three weeks. Phenotypic analy-
sis revealed that while the knockout mutant Osnramp5 
exhibited reduced plant growth and chlorophyll accu-
mulation under low Mn conditions, the mutations in 
the regulatory region of OsNRAMP5 did not affect plant 
growth or chlorophyll accumulation across all Mn con-
ditions (Fig. 2a-d). Analysis of Cd concentration demon-
strated no difference in root Cd accumulation between 
WT and the two lines with mutations in the regulatory 
region (Fig. 2f ), although the Osnramp5 mutant control 
exhibited significantly decreased Cd accumulation in the 
roots. However, the mutations in the regulatory region 
resulted in reduced Cd accumulation in the shoots at 
all Mn concentrations (Fig.  2e), albeit to a lesser extent 
than observed in the Osnramp5 mutant. Furthermore, 
we assessed Mn concentration and observed that the 
mutations in the regulatory region did not influence Mn 
accumulation in either the roots or shoots under any 
Mn conditions (Fig. 2g and h), which suggest that other 
transporters may compensate for the impaired Mn trans-
port caused by the mutations in the regulatory region of 
OsNRAMP5.

To assess the influence of the mutations in the regu-
latory region of OsNRAMP5 on plant growth and grain 
Cd accumulation in real-world fields, we conducted a 
field study in a Cd-contaminated paddy field, where the 
soil had a Cd content of 1.25 ± 0.08 mg Kg−1 (n = 3) and 
a pH of was 5.72 ± 0.12 (n = 3). Analysis of agronomic 
traits revealed no significant differences in all meas-
ured parameters between the WT and the two lines 
with mutations in the regulatory region of OsNRAMP5 
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Fig. 1  Mutations in the regulatory region of OsNRAMP5 reduce OsNRAMP5 translation. a Diagram of mutations in the regulatory region 
of OsNRAMP5 in two CRISPR/Cas9 lines (#17 and #27). Five guide RNAs (T1 to T5) indicated by blue boxes were designed for targeting the promoter 
of OsNRAMP5. Orange triangles indicate the 5’UTR in both WT and line #17, as revealed by 5’RACE data, while the numbers above the triangles 
correspond to the detected clone numbers. b Expression analysis of OsNRAMP5 in WT and two lines with mutations in the regulatory region 
of OsNRAMP5. Root tips (0–1 cm) and basal roots (1–2 cm) of five-day-old seedlings were excised for the expression analysis. c, d Effect 
of pOsNRAMP5#17 mutation on GUS mRNA expression (c) and GUS activity (d) in rice. Two independent transgenic lines of both pOsNRAMP5WT:GUS 
and pOsNRAMP#17:GUS were subjected to mRNA expression analysis and GUS staining. Scale bar = 500 μm. e, f Effect of pOsNRAMP5#17 mutation 
on LUC expression (e) and LUC activity (f) in rice protoplasts. pOsNRAMP5WT:LUC or pOsNRAMP#17:LUC was co-expressed with ZmUBQ:GUS 
internal control in WT protoplasts, and then the protoplast were harvested for the LUC mRNA expression and LUC activity analyses. g, h Effect 
of pOsNRAMP5#17 mutation on mRNA expression (g) and protein accumulation (h) in rice protoplasts. Constructs of pOsNRAMP5WT:OsNRAMP5-HA 
and pOsNRAMP5#17:OsNRAMP5-HA were introduced into rice protoplasts for the mRNA expression and immunoblot analyses, respectively. Actin 
protein was used as an internal control. Data shown are means ± SD of three biological replicates. Means with different letters are significantly 
different (P < 0.05, ANOVA followed by Tukey test)
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(Fig.  3a-h). In contrast, the Osnramp5 mutant control 
exhibited reduced plant height, panicle length, seed set-
ting rate, and grain yield.

We also measured the grain Cd content and found that 
the WT had a Cd content of 0.33 mg Kg−1, exceeding the 
Chinese Cd limit (0.2 mg Kg−1). However, the grain Cd 
content in line #17 and line #27 were 62% and 48% of that 
in WT, amounting to 0.20 and 0.16 mg Kg−1, respectively 
(Fig. 4a). The grain Mn content was similar between the 
WT and the two lines with mutations in the regulatory 
region of OsNRAMP5 (Fig. 4b).

In summary, our findings demonstrate that mutations 
in the regulatory region of OsNRAMP5 achieved through 
the CRISPR/Cas9 technology can reduce OsNRAMP5 
translation, leading to a decrease in rice grain Cd accu-
mulation without adversely affecting Mn accumulation 
and rice production.

Materials and methods
Plant materials
The wild-type (WT) controls used in this study had the 
genetic background of the japonica variety NanJing 46 
(NJ46). The knockout mutant Osnramp5, which was pre-
viously identified and described by Yang et  al. (2019), 
was used. To generate lines with mutations in upstream 
regulatory region of OsNRAMP5, we designed five 
small guide RNAs (Table S1) targeting specific regions 
within the upstream regulatory region of OsNRAMP5. 
These guide RNAs were then constructed them into a 
sgRNA-Cas9 expression vector. The resultant vector was 
transformed into NJ46 variety through Agrobacterium 
(EHA105 strain)-mediated transformation method. Two 
homozygous transgenic lines with different mutations 
in the upstream regulatory region (#17 and #27) were 
obtained and used for further experiments.

Hydroponic experiments
Seeds of WT, line #17, line #27, and Osnramp5 were 
soaked in water at 37 ℃ for 2 days and then transferred to 
a net floating on a 0.5 mM CaCl2 solution at 25℃. After 
two weeks, the plants were transferred to a half-strength 
Kimura B nutrient solution containing 0, 0.1, 0.5, or 
10  μM MnSO4 and 0.1  μM CdCl2. The pH value of the 
nutrient solution was adjusted to 5.5, and the solution 
was renewed every 3 days. The plants were grown in an 

artificial climate chamber with a 12 h light period at 28℃ 
and a 12 h dark period at 22℃. After 3 weeks, the differ-
ent genotypes were photographed and compared, and 
then the shoots and roots of the plants were sampled for 
the measurement of fresh weight.

Field experiments
WT, line #17, line #27, and Osnramp5 were cultivated in 
a Cd-contaminated paddy field with three plot replica-
tions in Fuyang, Hangzhou, China. The soil in this paddy 
field mainly consists of clay  particles. The presence of 
excess Cd in the soil may be attributed to the previous 
use of Cd-polluted irrigation water, which was produced 
by a nearby papermaking factory. Each line in one plot 
was cultivated in six rows, with a total of ~ 36 plants. The 
plant growth in the field followed local cultivation hab-
its, with water drained during the late tillering stage and 
grain filling stages. After grain heads were mature and 
ready to be harvested, agronomic traits including plant 
height, panicle length, number of tillers per plant, seed 
setting rate, 1000-grain weight, and grain yield were 
determined. Grains were sampled for the determination 
of metal content.

Determination of metal content in plant tissues
Plant tissues, including roots, shoots, and grains, were 
dried at 65 °C for 7 days. A portion of the dried samples 
was weighted and digested with concentrated HNO3/
HClO4 (85:15, v/v), followed by heating at 90℃ for 1  h 
and 105℃ for 3 h. The digested solution was then diluted 
to 10 mL with ultrapure water. The concentrations of Mn 
and Cd in the solution were determined using Induc-
tively Coupled Plasma Mass Spectrometry (ICP-MS; 
PerkinElmer NexION300D).

Determination of soil pH and Cd content
The air-dried soil was finely ground and mixed with water 
at a ratio of 2.5:1. The pH of the soil solution was meas-
ured using a pH meter. To determine the soil Cd content, 
0.1 g of air-dried soil filtered with a 100-mesh sieve was 
soaked in a 2 mL mixed acid solution (HCl:HNO3 = 4:1, 
v/v) overnight. The sample was then digested at 35  °C 
for 3 h, 60 °C for 3 h, 105 °C for 1 h, and 120 °C for 2 h. 
After an overnight incubation, the samples were further 
digested with an additional 2 mL 20% HNO3 for 30 min 

Fig. 2  Mutations in the regulatory region of OsNRAMP5 reduce shoot Cd accumulation under different Mn conditions. a Representative pictures 
of plant growth (upper panel) and leaf color (lower panel) of WT, line #17, line #27, and Osnramp5 at 0 and 10 μM Mn. b-d Comparison of root (b) 
and shoot (c) fresh weight, and leaf chlorophyll content (d) of WT, line #17, line #27, and Osnramp5 exposed to 0, 0.1, 0.5, or 10 μM Mn. SPAD values 
were used to calculate the chlorophyll content. e–h Effect of mutations in the regulatory region of OsNRAMP5 on Cd accumulation in the roots (e) 
and shoots (f) and Mn accumulation in the roots (g) and shoots (h). Seedlings of WT, line #17, line #27, and Osnramp5 were exposed to 0.1 μM Cd 
and 0.1, 0.5 or 10 μM Mn for three weeks. Cd and Mn concentrations in the roots and/or shoots were determined and compared. Data shown are 
means ± SD of four biological replicates. Means with different letters are significantly different (P < 0.05, ANOVA followed by Tukey test)

(See figure on next page.)
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at 80  °C and then fixed to 10  mL with ultrapure water. 
The concentration of Cd in the solution was determined 
using ICP-MS.

RNA isolation and real‑time RT–PCR analysis
Total RNA was extracted using the  TRIzol rea-
gent (Beyotime)  and treated with  DNase I  to remove 

Fig. 2  (See legend on previous page.)
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contaminating DNA. Approximately 1  μg of total RNA 
was used for first-strand cDNA synthesis with the HiS-
cript  1st Strand cDNA Synthesis Kit (Vazyme Biotech, 

Nanjing, China). One-eighth of the resulting cDNA 
was used for real-time RT–PCR analysis with 2 × Uni-
versal SYBR Green Fast qPCR Mix (ABclonal, Wuhan, 

Fig. 3  Analysis of agronomic traits in WT, line #17, line #27, and Osnramp5 grown in paddy fields. a, b Images of the whole plant and panicle 
morphology at maturity period. Scale bars = 5 cm. c Plant height. Data are means ± SD (n = 33). d Panicle length. Data are means ± SD (n = 16). e Seed 
setting rate. Data are means ± SD (n = 10). f Grain yield. Data are means ± SD (n = 10). g Weight of 1000 grains. Data are means ± SD (n = 10). h No. 
of tillers per plant. Data are means ± SD (n = 15). Means with different letters are significantly different (P < 0.05, ANOVA followed by Tukey test)
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China).  Histone H3 (Os06g0130900) was used as an 
internal control for sample normalization (reference 
gene). Real-time RT-PCR was performed on the CFX96 
Touch real-time PCR detection system (BioRad). The 
sequence information of the primers used for expression 
analysis is listed in Table S1.

Identification of 5’UTR of OsNRAMP5
To determine the 5’UTR of OsNRAMP5 in both the WT 
and line #17, 5′-RACE was performed with a HiScript-
TS 5′/3′ RACE Kit (RA101; Vazyme, China) using 2 μg 
of total RNA. The ligated mRNA with RNA oligo adapter 
was used to synthesize first-strand cDNA using Tem-
plate-Switching RT and random primers in a reverse 
transcription reaction. The 5′ ends of OsNRAMP5 cDNA 
were amplified with primer 5’GSP (Table S1). The for-
ward primer was conformed to the HiScript-TS 5′/3′ 
RACE Kit. PCR products were amplified by 2 × Phanta 
Max Master Mix (P525; Vazyme, China) DNA polymer-
ase. The PCR conditions were as follows: 95 °C for 2 min, 
followed by 32 cycles at 95 °C for 20 s, the annealing tem-
perature of 58  °C for 30  s, and the elongation tempera-
ture of 72  °C for 1 min. PCR products were gel purified 
with the Molpure Gel Extraction Kit (Yeasen, China) and 
cloned into pCE2 TA/Blunt-Zero vector (#C601; Vazyme, 
China) for sequencing.

GUS analysis
To generate pOsNRAMP5WT:GUS and pOsNRAMP5#17:GUS 
transgenic lines, a primer pair (Table S1) was used to amply 
a 2.06-kb and 1.90-kb DNA fragment upstream of the start 
codon of OsNRAMP5 from WT and a line #17, respectively. 
Each resulting DNA fragment was then fused with the GUS 

gene in the pCAMBIA1300 vector. The construct was intro-
duced into WT plants by Agrobacterium-mediated transfor-
mation. Germinated seeds were grown in a solution with a 
0.5 mM CaCl2 concentration for 2 days at pH 4.8. The roots 
were then stained with a commercialized GUS staining solu-
tion (161031; o’Biolab Co., Ltd., Beijing, China) for 15 min to 
2 h at 37℃. Stained tissues were observed and photographed 
using a stereomicroscope (SZX12, Olympus) equipped with 
a camera (DP20, Olympus).

Transient expression in protoplasts
To isolate protoplasts from young rice seedling, shoots 
were sliced into 1 mm strips and immersed in W5 solu-
tion (pH 5.7). The W5 solution consisted of 154  mM 
NaCl, 125 mM CaCl2, 5 mM KCl, and 2 mM 2-(N-mor-
pholino) ethanesulfonic acid (MES). The strips were then 
digested in enzyme solution (pH 5.7) containing 1.2% 
Cellulase R-10, 0.6% Macerozyme R-10, 0.6 M mannitol, 
0.1% BSA, and 10  mM MES. The digested solution was 
shaken for 4–5 h at 28 °C and filtered through a 145 μm 
mesh. The filtrate was diluted with five volumes of W5 
solution and centrifuged at 150  g for 8  min to obtain 
the protoplasts. The protoplasts was resuspended in a 
suspension buffer composed of 0.6 M mannitol, 20 mM 
CaCl2 and 5 mM MES.

To examine the effect of the pOsNRAMP5#17 muta-
tion on reporter gene translation, the ~ 2.0-kb DNA frag-
ment upstream of the start codon of OsNRAMP5 from 
WT and line #17 was amplified and fused with the LUC 
reporter gene to generate pOsNRAMP5WT:LUC and 
pOsNRAMP5#17:LUC constructs, respectively. Approxi-
mately 0.2 mL of rice protoplasts was co-transfected with 
8  μg of pOsNRAMP5WT:LUC or pOsNRAMP5#17:LUC 

Fig. 4  Mutations in the regulatory region of OsNRAMP5 reduce grain Cd accumulation. a, b Grains of WT, line #17, line #27, and Osnramp5 grown 
in paddy fields were sampled for the determination of Cd (a) and Mn (b) content. Data shown are means ± SD of three biological replicates. Means 
with different letters are significantly different (P < 0.05, ANOVA followed by Tukey test)
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and 2  μg of ZmUBQ:GUS internal control. After over-
night incubation, the protoplasts were collected by cen-
trifugation at 150 g for 8 min. The collected protoplasts 
were then incubated with Firefly Luciferase Reporter 
Gene Assay Kit (RG005; Beyotime, Shanghai, China) for 
LUC signal detection or with 4-Methylumbelliferyl-β-D-
Glucuronide for GUS signal detection.

To investigate the effect of the pOsNRAMP5#17 muta-
tion on OsNRAMP5 accumulation, a DNA fragment 
consisting of ~ 2.0-kb DNA fragment upstream of the 
start codon and the gene of OsNRAMP5 without a stop 
codon was amplified from WT or line #17 and cloned 
in frame with a 3HA tag into the pCAMBIA3301 vec-
tor. Approximately 0.4 mL of rice protoplasts was trans-
fected with 15  μg of pOsNRAMP5WT:OsNRAMP5-HA 
or 15 μg of pOsNRAMP5#17:OsNRAMP5-HA. Total pro-
teins were extracted using protein extraction buffer com-
posed of SDS  Lysis  Buffer (Beyotime), 50  mM MG132, 
100  mM Phenylmethanesulfonyl fluoride and 1 × Com-
plete Protease inhibitor tablets EDTA-free (5892791001, 
Roche). Standard immunoblot analysis was performed to 
detect OsNRAMP5-HA using an anti-HA-HRP antibody 
(12013819001, Lot 44323100; Roche). The actin protein 
was used as a loading control and was detected using 
an anti-actin antibody (CW0264M; CoWin Biosciences, 
China).
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