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ABSTRACT

Although nitrogen (N) is known to affect mineral element homeostasis in plants, the molecular mechanisms

of interactions betweenN and other nutrients remain largely unclear.We report here that N supply affects ion

homeostasis inmaize. Berberine hemisulfate staining and a propidium iodide penetration assay showed that

N luxury significantly delayed Casparian strip (CS) formation in maize roots. We further demonstrated that

N-mediated CS formation in maize was independent of RBOHF-activated H2O2 production. N luxury induced

the expressionof ZmmiR528 inwhole roots and root tips. Knockdownand loss-of-function of ZmmiR528pro-

moted CS formation under both N-luxury and N-deficient conditions. Both ZmMIR528a and ZmMIR528b

contribute to early CS formation under different N conditions. RNA-seq and real-time RT-PCR analysis

demonstrated that ZmLAC3, but not ZmLAC5, responded to N treatments. Consistent with results obtained

with ZmmiR528 TM transgenic maize and mir528a/b loss-of-function mutants, transgenic maize overex-

pressing ZmLAC3 displayed early CS formation under different N conditions. Under field conditions, K, Ca,

Mn, Cu, Mg, and Zn concentrations were greater in the ear leaf of ZmLAC3-overexpressing transgenicmaize

than in the wild type. These results indicate that ZmmiR528 affects CS formation in maize by regulating the

expression of ZmLAC3, and modification of CS formation has the potential to improve maize quality.
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INTRODUCTION

Nitrogen (N) is a key environmental factor affecting crop produc-

tion, nutritional quality, taste, storage, and pathogen resistance

(Williams and Salt, 2009). To meet the growing demand for food

production, many farmers have been applying excessive

quantities of chemical N fertilizer. The excessive application of

N fertilizer leads not only to environmental problems but also

to increased N accumulation in the field (Ju et al., 2009;

Guo et al., 2010). Excessive or deficient levels of N are known

to affect how plants metabolize other nutrients. For example, N

application increased the concentrations of potassium

(K) and magnesium (Mg) but decreased the concentration of

phosphorus (P) in the green leaves of Arabidopsis thaliana (Yan

et al., 2019). Low-N stress significantly increased the concentra-

tions of K, P, and Mg but reduced the concentrations of calcium
Plant Co
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(Ca), zinc (Zn), and manganese (Mn) in the shoots of a low-N-

tolerant barley genotype (Quan et al., 2017). However, the

molecular basis of interactions between N and other nutrients is

unclear.

Using a multiple ion-uptake phenotyping platform, researchers

recently found that plant uptake of nitrate, ammonium, K, P,

and sulfate (S) was governed by shared and uncharacterized

mechanisms (Griffiths et al., 2021). One possible shared

mechanism could involve the formation of Casparian strips

(CSs) in the endodermis, because CSs form a crucial

paracellular diffusion barrier for selective nutrient uptake
CEMPS, CAS.
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(Geldner, 2013). The biogenesis of CSs has been well studied in

Arabidopsis, and the key genes have been identified. Initiation

of CS formation involves the localization of Casparian strip

membrane domain proteins (CASPs) at the CS membrane

domain (Roppolo et al., 2011). The CS membrane domain

recruits the respiratory burst oxidase homolog F peroxidase 64

(PER64) and the dirigent-like protein enhanced suberin 1

(ESB1) for lignin polymerization and correct deposition (Baxter

et al., 2009; Hosmani et al., 2013; Lee et al., 2013).

The CS consists of a ring-like impregnation of the primary cell wall

with lignin (Naseer et al., 2012). Lignin is a phenylpropanoid-

derived polymer that results from oxidative polymerization of

monolignol precursors in the plant cell wall (Vanholme et al.,

2008). Monolignol dehydrogenation involves peroxidases and/

or laccases (Vanholme et al., 2010; Zhao et al., 2013). The

function of peroxidases in CS formation has been verified.

However, the role of laccases in CS formation is controversial.

In Arabidopsis, laccases and peroxidases co-localize in lignified

secondary cell walls throughout stem development (Hoffmann

et al., 2020). Pharmacological perturbation of LAC3 led to

dispersed localization of CASP1 and compensatory ectopic ligni-

fication (Zhuang et al., 2020). By contrast, high-order mutants re-

vealed an essential requirement for peroxidases but not laccases

in CS lignification (Rojas-Murcia et al., 2020). However, the

authors could not exclude the possibility that laccases might be

required for CS formation under specific conditions and/or that

upregulation of LACs could contribute to CS formation (Rojas-

Murcia et al., 2020).

In Arabidopsis, miRNA397b-LACCASE2 was reported to affect

root lignification under water and P deficiency (Khandal et al.,

2020). miR528 is a monocot-specific miRNA that has multiple

roles in rice, including antiviral responses and regulation of flow-

ering time and pollen development (Wu et al., 2017; Yang et al.,

2019; Yao et al., 2019; Zhang et al., 2019). miR528 has evolved

preferences for distinct target genes in different monocots (Zhu

et al., 2020). In maize, ZmmiR528 post-transcriptionally regulates

the expression levels of ZmLAC3/ZmLAC5 (Sun et al., 2018). Our

previous results and those of others indicate that N supply affects

the mRNA abundance of ZmmiR528 in maize (Trevisan et al.,

2012; Sun et al., 2018). Our results also showed that

knockdown of ZmMIR528 or overexpression of ZmLAC3

increases lignin contents in soil-grown maize (Sun et al., 2018).

Thus, the relationship among the miR528-LAC module, CS for-

mation, and selective nutrient uptake in maize under N stress

warrants further study.

In the present research, we show that mineral element profiles

and CS formation in maize are significantly affected by N supply.

We found that N-mediated CS formation in maize roots was inde-

pendent of RBOHF-activated H2O2 production. We further found

that, by regulating the abundance of ZmLAC3, ZmmiR528 is

involved in CS formation under different N conditions.
RESULTS

N supply affects ion homeostasis in maize

Low-N stress affects ion homeostasis in Arabidopsis thaliana and

barley (Quan et al., 2017; Yan et al., 2019). To test how N affected
2 Plant Communications 4, 100553, July 10 2023 ª 2023 The Autho
maize ion homeostasis under different N conditions, we grew

inbred line B73 under N-sufficient (NS), N-luxury (NL), or

N-deficient (ND) conditions. Short-duration (3 days) N treatment

had no significant effects on shoot or root dry weight of maize

(Figure 1A). When N treatment was extended to 5 days, ND

caused maize leaves to show a typical N-deficient phenotype,

with discoloration of older leaves and accumulation of the purple

flavonoid pigment anthocyanin in the stem (Supplemental

Figure 1A and 1B). Although growth of maize seedlings did not

differ under NS vs. NL, shoot dry weight was significantly lower

under ND than under NS (Figure 1A).

We next used inductively coupled plasma mass spectrometry

to determine the effects of the three N treatments on mineral

element profiles in maize shoots and roots. Except for Cu in

the roots, the concentrations of mineral elements in maize

shoots and roots were similar between NS and ND

(Figure 1B and 1C). Relative to NS, however, NL significantly

increased the concentrations of P, Ca, Mg, Zn, and B in

roots and the Ca concentration in shoots (Figure 1B and 1C).

These results indicated that N supply could affect ion

homeostasis in maize.
N supply affects CS formation in maize

Differences in ion homeostasis caused by different N conditions

could result from changes in root morphology. Although root

dry weight and primary root length did not differ significantly

among N treatments (Figure 1A; Supplemental Figure 2),

concentrations of Ca, Mn, and Zn, which are radially

transported through apoplastic or coupled transcellular

pathways (White, 2001; Baxter et al., 2009; Chen et al., 2019),

were affected by N supply (Figure 1B). This prompted us to

investigate CS development under different N conditions

because the CS is the crucial paracellular diffusion barrier. To

observe CS development, we used berberine–aniline blue, which

was previously found to perform equally well on a variety of plants

(Brundrett et al., 1988). Because maize roots are large, we

recorded the position of CS formation in terms of the distance

from the root tip, instead of counting endodermal cells after the

onset of root elongation as in Arabidopsis (Naseer et al., 2012;

Lee et al., 2013). At the root tip (0–2 cm from the root apex) of

the primary root, CSs did not form under NS or NL but formed

in 86% of the observed root tips under ND (Figure 2A). In

agreement with these observations, the fluorescence signal

ratio of CS to xylem vessels was higher under ND than under

NS or NL (Figure 2A).

ND also promoted the formation of exodermal CSs in the same

region (Supplemental Figure 3). Although exodermal CSs were

not detected at 3.0–4.0 cm from the apex of primary roots

under NL or NS (Supplemental Figure 3), endodermal CSs

were evident in such roots, although at a much lower rate

than under ND (Figure 2A). At 5.0–6.0 cm from the apex of

primary roots, the occurrence of endodermal CSs was similar

under NS and ND; at this location, the occurrence was 29%

higher under NS and 37% higher under ND than under NL

(Supplemental Figure 3). As in other root tissues, CS

development at the tips of seminal and lateral roots also

increased under ND (Supplemental Figure 4). Berberine

hemisulfate also stains suberin (Brundrett et al., 1988). We
r(s).
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Figure 1. Effects of N supply on mineral element profiles of maize.
Inbred line B73 was grown in a hydroponic solution containing 8 mM, 4 mM, or 0.04 mM of NO3

�-N for the indicated durations.

(A) Shoot and root fresh weights.

(B) Mineral element profiles of maize roots.

(C)Mineral element profiles of maize shoots. Values aremeans ±SD (n = 4). Meanswith the same letter are not significantly different at P < 0.05 according

to the least signifificant difference (LSD) test. NL, NS, and ND indicate N luxury, N sufficiency, and N deficiency, respectively.
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then used Fluorol yellow, a fluorescent suberin dye, to test

whether lignin was the major contributor to the CS

phenotypes. No specific signal was detected in the CS

region of the root tip (Supplemental Figure 5), suggesting

that lignin was the major contributor to the observed

phenotypes.

The fluorescent dye propidium iodide (PI) is widely used to visu-

alize the appearance of endodermal CSs (Naseer et al., 2012),

and we therefore used PI to assess endodermal CS formation

in maize. Given the similar effects of NS and NL on CS

formation revealed by the use of berberine–aniline blue

(Figure 2A), we limited the N treatments in the following

experiments to NL and ND. PI uptake was blocked at the root

tip (0–2 cm from the root apex) under ND but not under NL

(Figure 2B). These results were consistent with those of roots
Plant Co
treated with berberine–aniline blue and further demonstrated

that CS formation increases in maize under N-limiting conditions.
H2O2 is not important in N-mediated CS formation in
maize

Because CSs are ring-like cell wall modifications consisting of

lignin polymers (Naseer et al., 2012; Geldner, 2013), we

determined whether lignin deposition in root tips was affected

by N conditions using Wiesner staining. Surprisingly, lignin was

detected between anticlinal cells at the tips of primary roots

even under NL, under which CS did not form (Supplemental

Figure 6A). In the Wiesner test, lignin is stained principally

through reactions with coniferaldehyde end groups (Berthet

et al., 2011). Our results showed that monolignol precursors of

lignin were present under both NL and ND conditions.
mmunications 4, 100553, July 10 2023 ª 2023 The Author(s). 3
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Figure 2. Casparian strip formation in inbred line B73 as
affected by N supply.
Inbred line B73 was grown in a hydroponic solution containing 8 mM,

4 mM, or 0.04 mM NO3
�-N for 3 days. Casparian strip formation was then

examined at different distances from the apex of primary maize roots.

(A) Fluorescence images and fluorescence signal ratio of CS to xylem

vessels of primary maize roots at different distances from the tip; the roots

were stained with berberine hemisulfate, and Casparian strips are indi-

cated by red arrowheads. Values are means ± SEM. Means with the same

letter are not significantly different at P < 0.05 according to the LSD test.

(B) Propidium iodide (PI) penetration at 1–2 cm from the root apex under

NL andND. Themaize seedlingswere exposed to 100 mMPI in the dark for

6 h. Scale bars represent 50 mm in (A) and 100 mm in (B). NL, NS, ND, and

Endo indicate N luxury, N sufficiency, N deficiency, and endodermis,

respectively. Numbers below the photographs indicate the percentage of

roots with Casparian strips.
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To explore potential regulators involved in N-mediated CS forma-

tion in maize, we compared the whole-transcriptome profiles of

root tips (2 cm from the apex) subjected to NL and ND for

3 days. Three biological replicates were performed for each treat-

ment. The six RNA libraries yielded more than 220 million raw

reads, approximately 90% of which were aligned to the maize
4 Plant Communications 4, 100553, July 10 2023 ª 2023 The Autho
B73_RefGen_v4 genome (ftp://ftp.ensemblgenomes.org/pub/

plants/release-41/fasta/zea_mays/dna/). Sequences that could

not be mapped to the maize genome were discarded, and only

those which mapped perfectly were analyzed further. Based on

the criteria log2(fold-change ratio) R1 and adjusted P value %

0.05, 10 366 differentially expressed genes (DEGs) were identi-

fied by DESeq2 software (Wang et al., 2010). Compared with

the NL treatment, 5590 genes were upregulated and 4776

genes were downregulated by ND (Supplemental Figure 7).

Upregulated genes involved in the phenylpropane and lignin

pathways are listed in Supplemental Table 1. We then

performed gene ontology (GO; http://bioinfo.cau.edu.cn/

agriGO/) analysis to determine the molecular events related to

the DEGs. GO analysis indicated that the 5590 ND-induced

DEGs were enriched in the biological process terms phenylpro-

panoid biosynthetic process (GO:0009699, P = 2.8e�7), phenyl-

propanoid metabolic process (GO:0009698, P = 3e�9), second-

ary metabolic process (GO:0019748, P = 1.2e�8), lignin

metabolic process (GO:0009808, P = 4.6e�6), antioxidant activity

(GO:0016209, P = 3.1e�5), and response to oxidative stress

(GO:0006979, P = 1.4e�5) (Supplemental Figure 7).

CSs are polymerized by oxidative coupling of monolignols

resulting from the activity of specific NADPH oxidases and

peroxidases. In Arabidopsis, AtRBOHF contributes to CS forma-

tion by activating NADPH oxidase-dependent localized H2O2

production at the sites of CS formation (Lee et al., 2013).

The two closest homologs of AtRBOHF in maize are

Zm00001d038762 and Zm00001d043543 (Supplemental

Figure 8). Although CS formation obviously differed between

NL and ND, RNA-seq and qPCR analysis of root tips showed

that the expression levels of the two AtRBOHF homologs

were similar between the two N treatments (Supplemental

Figures 6B and 9A). We also assessed the expression levels

of other AtRBOHF homologs in root tips. Zm00001d009349

and Zm00001d040974 were not considered owing to their low

abundance (fragments per kilobase of transcript per million

mapped reads <0.1). The fold changes (ND vs. NL) of these

AtRBOHF homologs were %1.5 (Supplemental Figure 9B).

Although H2O2 content was higher in maize tips under ND

than under NL, staining with 3,30-diaminobenzidine showed

that H2O2 could accumulate in maize root tips under both

conditions (Supplemental Figure 6C). We next determined the

location of N-induced H2O2 accumulation by cerium chloride

assay. With this assay, H2O2 was observed in endodermal cells

at the positions of CSs (Supplemental Figure 6D). DPI pre-

treatment led to almost complete absence of local H2O2

(Supplemental Figure 6D). These results indicated that the

N-mediated CS formation of maize may not depend on

RBOHF-activated H2O2 production.
ZmmiR528 is involved in early CS formation under
different N conditions

Our previous results showed that ZmmiR528 regulates lignin

biosynthesis under NL (Sun et al., 2018), and we therefore

hypothesized that ZmmiR528 might contribute to CS formation

under different N conditions. To test this hypothesis, we exam-

ined the expression patterns of ZmmiR528 in root tips by in situ

hybridization. ZmmiR528 was detected throughout the root tip

under NL (Supplemental Figure 10A). Moreover, stem-loop
r(s).
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Figure 3. Effects of N supply on Casparian
strip formation and mineral element pro-
files in ZmmiR528 knockdown (TM) trans-
genic maize.
ZmmiR528 knockdown transgenic maize and

inbred CZ01 were grown in a hydroponic solution

containing 8 mM or 0.04 mM NO3
�-N for 3 days.

(A) Casparian strip formation in ZmmiR528 TM

transgenic maize as affected by N supply. The

area 1.0–1.5 cm from the apex of roots grown

under NL or ND was sampled, stained with

berberine hemisulfate, and assessed for Cas-

parian strip formation. Casparian strips are indi-

cated by red arrowheads. Numbers below the

photographs indicate the percentage of root tips

with Casparian strips (% and number of roots that

formed Casparian strips/total root number). Scale

bars represent 50 mm. Values are means ± SEM.

Means with the same letter are not significantly

different at P < 0.05 according to the LSD test.

(B and C) Effects of N on Ca, Mn, and Zn con-

centrations in roots (B) and shoots (C) of

ZmmiR528 TM transgenic maize. Values are

means ± SD (n = 4). *P < 0.05 (Student’s t-test)

indicates a significant difference from the control.

NL and ND indicate N luxury and N deficiency,

respectively.
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qRT-PCR showed that ND reduced ZmmiR528 abundance in

both whole roots and root tips (Supplemental Figure 10B).

To characterize the function of ZmmiR528 in CS formation, we

utilized ZmmiR528 knockdown transgenic maize (TM), which

was originally generated for determining lodging resistance of

maize (Sun et al., 2018). The genetic background of this

transgenic maize was inbred line CZ01, not the genome-

sequenced inbred line B73. We first tested the effects of N

treatment on the mineral element profiles in CZ01. As was the

case for B73, N supply affected ion homeostasis in CZ01

(Supplemental Figure 11). Consistent with our observations in

B73, concentrations of Ca and Mn in roots and shoots of CZ01

were greater under NL than under ND (Supplemental

Figure 11). By contrast, K concentrations in roots and shoots of

CZ01 and B73 behaved differently under N deficiency

(Supplemental Figure 11). These results suggested that the

effects of N treatment on mineral element profiles were

independent of maize genotype.

Under NL, the observed probability of endodermal CS formation

and the fluorescence signal ratio of CS to xylem vessels in root

tips were much higher in TM transgenic maize than in the wild

type (WT), and the observed probability of endodermal CS forma-

tion in root tips of TM transgenic maize was negatively related to

ZmmiR528 abundance (Figure 3A; Sun et al., 2018). By contrast,
Plant Communications 4, 1005
the observed probability of endodermal CS

formation in root tips was similar in TM

transgenic maize and the WT under ND

(Figure 3A). In addition, the probability of

endodermal CS formation in root tips was

much lower in CZ01 than in B73 under ND

conditions (Figures 2A and 3A). This
difference could be due to the different tolerances of CZ01 and

B73 to N stress (Supplemental Figure 12).

We then determined the mineral element profiles in shoots and

roots of hydroponically grown TM transgenic maize and WT

maize under NL and ND. We focused on Ca, Mn, and Zn because

of their potential apoplastic or coupled transcellular transport

pathways (White, 2001; Baxter et al., 2009; Chen et al., 2019).

NL increased Mn concentrations in roots and shoots of CZ01

but not of TM transgenic maize (Figure 3B and 3C). Compared

with WT maize, ND increased Ca concentrations in the roots

and reduced Ca concentrations in the shoots of TM transgenic

maize (Figure 3B and 3C).

Both ZmMIR528a and ZmMIR528b are involved in early
CS formation

Unlike other monocots, which have only one member of the

miR528 family (Wu et al., 2017; Zhu et al., 2020), maize has two

members. Members of microRNA (miRNA) families usually have

redundant functions (Sieber et al., 2007). However, previous

research has shown that closely related miRNAs have different

functions and regulatory specialization in Arabidopsis (Sieber

et al., 2007; Du et al., 2017). To determine whether ZmMIR528a

and ZmMIR528b have specific roles in early CS formation

under different N conditions, we used the CRISPR-Cas9

system to generate ZmMIR528a and ZmMIR528b single or
53, July 10 2023 ª 2023 The Author(s). 5
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(A) ZmmiR528 levels in the WT and in mir528a,

mir528b, and mir528a/b loss-of-function mutants

as indicated by small RNA northern blots. Numbers

below each lane indicate relative expression. U6

RNA was probed as a loading control.

(B) Effects of N supply on Casparian strip formation

in mir528a, mir528b, and mir528a/b loss-of-

function mutants grown in a hydroponic solution

containing 8 mM NO3
�-N for 3 days. The area 1.0–

1.5 cm from the root apex was sampled, stained

with berberine hemisulfate, and assessed for

Casparian strip formation. Casparian strips are

indicated by red arrowheads. Numbers below the

photographs indicate the percentage of root tips

with Casparian strips (% and number of roots that

formed Casparian strips/total root number). Scale

bars represent 50 mm.

(C) Fluorescence signal ratio of Casparian strips to

xylem vessels. Values are means ± SEM. Means

with the same letter are not significantly different at

P < 0.05 according to the LSD test.
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double loss-of-functionmutants (mir528a,mir528b, andmir528a/

b). Cas9-free transgenic plants were identified for phenotypic

analysis. The gene sequences of these loss-of-function mutants

revealed a nucleotide deletion in the mature miR528 and

miR528* region that destroyed the miR528/miR528* duplexes

(Supplemental Figure 13). Small RNA gel blot analysis showed

that ZmmiR528 transcripts were reduced in mir528a and

mir528b mutants and absent in mir528a/b loss-of-function mu-

tants (Figure 4A). Because of the similar probability of

endodermal CS formation in root tips of TM transgenic maize

and WT maize under ND, we observed endodermal CS

formation in mir528a, mir528b, and mir528a/b loss-of-function

mutants under NL. Under NL, the observed probability of endo-

dermal CS formation in root tips was much higher in mir528a,

mir528b, and mir528a/b loss-of-function mutants than in

the WT (Figure 4B). Although the observed probability of

endodermal CS formation in root tips was similar among

mir528a, mir528b, and mir528a/b loss-of-function mutants, the

fluorescence signal ratio of CS to xylem vessels wasmuch higher

in the mir528a/b double mutant than in the mir528a and mir528b

mutants (Figure 4C). These results suggested that ZmMIR528a

and ZmMIR528b had both redundant and specific functions in

early CS formation under NL.

Overexpression of ZmLAC3 promotes CS formation
under different N conditions

Our previous results showed that ZmmiR528 regulated lignin

biosynthesis by repressing the expression levels of ZmLAC3

and ZmLAC5 (Sun et al., 2018). To determine which ZmLACs

contributed to the early CS formation in ZmmiR528 knockdown

transgenic maize and mir528a/b loss-of-function mutants under

different N conditions, we first detected the expression patterns

of ZmLAC3 and ZmLAC5 at the root tip by in situ hybridization.

Anti-sense and sense probes on the images indicate the positive

and negative signals, respectively. Both ZmLAC3 and ZmLAC5

were detected throughout the root tip under ND (Figure 5A),

which was consistent with the location of ZmmiR528. We also

analyzed the expression levels of ZmLAC3 and ZmLAC5 as indi-
6 Plant Communications 4, 100553, July 10 2023 ª 2023 The Autho
cated by RNA-seq data from the root tip. The mRNA abundance

of ZmLAC3 was affected by the N treatments, but that of

ZmLAC5 was not (Figure 5B). This result was verified by real-

time RT-PCR (Figure 5B). We therefore hypothesized that

ZmLAC3 might contribute to early CS formation in ZmmiR528

knockdown transgenic maize under different N conditions.

We next took advantage of the already available ZmLAC3-over-

expressing transgenic maize (LAC3OE, CZ01 background) (Sun

et al., 2018), and we used F4 homozygotes to determine the

effect of N supply and ZmLAC3 overexpression on CS

formation. The occurrence of endodermal CSs and the

fluorescence signal ratio of CS to xylem vessels in root tips

were much higher in ZmLAC3-overexpressing transgenic maize

than in the WT under NL (Figure 6A). The occurrence of CSs in

LAC3OE lines did not increase further in ND conditions

(Figure 6A), hinting at its role in nitrogen dependence.

We determined the Ca, Mn, and Zn concentrations in shoots of

hydroponically grown ZmLAC3-overexpressing transgenicmaize

and WT maize under NL. Compared with WT maize, overexpres-

sion of ZmLAC3 increased Mn concentrations and reduced Ca

and Zn concentrations (Figure 6B). ZmLAC3-overexpressing

transgenic maize and WT maize were then planted in the field

(300 kg N ha�1, as urea) in Hainan province. Ear leaves were

sampled for analysis of mineral element profiles. The

concentrations of K, Mn, and Cu were significantly higher in

both lines of LAC3OE transgenic maize than in the WT, and the

concentrations of Ca, Mg, and Zn were significantly higher in

LAC3OE #3 than in the WT (Figure 6C).
DISCUSSION

miRNAs are 20- to 24-nucleotide regulatory RNAs processed

from self-complementary hairpin precursors. Although they play

important roles in posttranscriptional gene regulation, their

functions are less well studied in maize than in rice and Arabidop-

sis. Only ZmmiR156, ZmmiR164, ZmmiR165, ZmmiR166,
r(s).
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(B) Responses of ZmLAC3 and ZmLAC5 to N

treatments as determined by RNA-seq analysis

and qRT-PCR. For RNA-seq analysis, the frag-

ments per kilobase of transcript per millionmapped

reads value was used to determine normalized

gene expression. For qRT-PCR, the expression

levels were normalized to that of ZmUBQ12, and

the levels of ZmLAC3 and ZmLAC5 transcripts
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SE of three independent experiments. **P < 0.01
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ZmmiR172, and ZmmiR399 have been functionally identified in

maize (Juarez et al., 2004; Lauter et al., 2005; Chuck et al.,

2007a, 2007b; Li et al., 2012; Du et al., 2018; Kumar et al.,

2021). Our previous results indicated that ZmmiR528 affects

lignin biosynthesis and lodging resistance of maize under NL by

negatively regulating the abundance of ZmLAC3 and ZmLAC5

mRNA. In the present research, we found that miR528 could

affect mineral element profiles in maize by regulating CS forma-

tion under different N treatments (Figure 7).

Plant miRNAs are involved in almost all aspects of plant

growth and development (Chen, 2012). Studies have also

increasingly revealed that miRNAs regulate plant adaptive

responses to stresses (Sunkar et al., 2012). However, few

miRNAs have been identified that clarify the relationships

between plant growth and development and stress responses.

We suspect that miR528 represents a link between plant

growth and development and stress responses in maize. In

rice, transcriptional regulation of miR528 by OsSPL9 orches-

trated antiviral responses (Yao et al., 2019), and OsmiR528 could

also repress the mRNA abundance of different targets in order to

affect heading under long-day conditions or during pollen intine

formation (Yang et al., 2019; Zhang et al., 2019). These results

showed that miR528 affected both rice development and rice

responses to abiotic stress. By using ZmmiR528 knockdown

transgenic maize and loss-of-function mutants (mir528a,

mir528b, and mir528a/b), we found that ZmmiR528 contributed

to early CS formation under different N conditions. N supply

affected the mRNA abundance of ZmmiR528 in maize (Trevisan

et al., 2012; Sun et al., 2018). Application of excessive N

fertilizer reduces lodging resistance, and ZmmiR528 affects lod-

ging resistance of maize by regulating lignin biosynthesis under

NL (Sun et al., 2018). We therefore concluded that miR528 is an

important link between N stress responses and N-mediated plant

development in maize.

A CS consists of a fine band of lignin spanning the apoplastic

space between adjacent endodermal cells (Hosmani et al.,

2013). With CSs, endodermal cells can control passage of
Plant Co
water and solutes into the stele and the vascular system

(Geldner, 2013). The CS biogenesis pathway has been well

established in Arabidopsis. In rice, OsCASP1 is required for CS

formation at the endodermis (Wang et al., 2019). However,

similar information is limited in maize. Even in Arabidopsis, the

function of Lacs in CS formation requires further investigation.

Although the lac1/3/5/7/8/9/12/13/16 nonuple mutant did not

show any discernable defects in CS formation, the authors

could not exclude the possibility that upregulation of LACs

might contribute to CS formation (Rojas-Murcia et al., 2020).

Our previous and present results showed that expression of

ZmmiR528 was induced by NL but reduced by ND in both whole

roots and root tips. Interestingly, ZmLAC3 responded to N treat-

ment, but ZmLAC5 did not.Consistent with our observations that

loss-of-function mutants (mir528a, mir528b, and mir528a/b) and

ZmmiR528 TM transgenic maize exhibited increased CS forma-

tion under NL, overexpression of ZmLAC3 induced CS formation.

By contrast, CS formation in ZmmiR528 TM transgenicmaize and

LAC3OE transgenic maize was similar under NL and ND. We also

found that CS formation was similar in ZmLAC5-overexpressing

transgenic maize and WT maize (data not shown). This appears

to reflect the different physiological functions of ZmLAC5 and

ZmLAC3 (Caparros-Ruiz et al., 2006; Xie et al., 2020). Taken

together, our results indicate that the N-regulated miR528-

LAC3 module affects CS formation in maize.

At least 13 mineral nutrients are required for normal plant growth.

Imbalance of one element usually affects the contents and meta-

bolism of other nutrients, supporting the idea that ionomic net-

works in plants are coordinately regulated (Huang and Salt,

2016). Nutrients enter the vascular system via the apoplastic,

symplastic, and transcellular pathways (White, 2001; Baxter

et al., 2009; Chen et al., 2019). The CS acts as a barrier to the

apoplastic pathway and forces nutrients to reach the vascular

cylinder by symplastic pathways. Here, we showed that mineral

element profiles in shoots and roots of maize were affected by

N supply. Transmembrane transporter activity (GO:0022857)

did not rank among the top GO terms enriched in our whole-

transcriptome profiles of root tips subjected to NL and ND for
mmunications 4, 100553, July 10 2023 ª 2023 The Author(s). 7
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Figure 6. Effects of ZmLAC3 overexpression
on Casparian strip formation in roots, and
mineral element profiles in ear leaves of
field-grown maize.
(A) Casparian strip formation in ZmLAC3-over-

expressing transgenic maize (LAC3OE) as affected

by N supply. LAC3OE transgenic maize was grown

in a hydroponic solution containing 8 mM or

0.04 mM NO3
�-N for 3 days. The area 1.0–1.5 cm

from the root apex under NL and ND was observed

for Casparian strip formation. Casparian strips are

indicated by red arrowheads. Numbers below the

photographs indicate the percentage of root tips

with Casparian strips. Scale bars represent 50 mm.

Values are means ± SEM.

(B) Ca, Mn, and Zn concentrations in the shoots of

LAC3OE transgenicmaize andWTmaize under NL.

(C) Mineral element profiles of LAC3OE transgenic

maize grown in the field. Values are means ± SD

(n = 4). Means with the same letter are not signifi-

cantly different at P < 0.05 according to the LSD

test. NL and ND indicate N luxury and N deficiency,

respectively.
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3 days. This result suggested that N-induced changes in mineral

element profiles could not be explained simply by altered

transcript levels of transporters. The results obtained with

ZmmiR528 knockdown transgenic maize and mir528a/b loss-

of-function mutants demonstrated that CSs were involved in

the selective uptake of mineral nutrients. Interestingly, overex-

pression of ZmLAC3 significantly increased the concentrations

of K, Ca, Mn, Cu, Mg, and Zn in the ear leaf under field conditions.

These results indicate that maize quality might be increased by

modification of CS formation.
METHODS

Plant materials and growth conditions

Seed surface sterilization was performed as described previously (Sun

et al., 2018). The seeds were then germinated in paper rolls for 8 days.

After their endosperms were removed, the maize seedlings were

transferred to 3-L pots; they were grown hydroponically in modified

half-strength Hoagland’s nutrient solution for 2 days and then full-

strength Hoagland’s nutrient solution for another 2 days. At day 5 and

thereafter, NS, NL, and ND were simulated using 4 mM NO3
� (original

NO3
� concentration in full-strength Hoagland’s nutrient solution), 8 mM

NO3
�, or 0.04 mM NO3

�, respectively. The plants were grown in a growth

chamber with 14 h light/10 h dark and a 28/22�C day/night temperature
8 Plant Communications 4, 100553, July 10 2023 ª 2023 The Author(s).
regime. Samples were collected at the indicated

times after initiation of N treatment.

For the field experiment, maize was planted in rows

at the Yacheng Agriculture Experimental Station of

the Institute of Crop Sciences, Chinese Academy of

Agricultural Sciences (18�2305700N, 109�1105400E).
There were 55 cm between rows and 25 cm be-

tween plants in rows.

Constructs and generation of transgenic
maize

CRISPR-Cas9-mediated generation of ZmMIR528a

and ZmMIR528b single or double loss-of function
mutants (mir528a, mir528b, and mir528a/b) was performed as described

by Wang et al. (2020). In brief, we designed two guide RNAs to target

sequences located at nucleotides 4 and 16 of mature miR528 and

nucleotides 10 and 18 of miR528* to gene-edit both ZmMIR528a and

ZmMIR528b. The fragment was cloned into the pBUE411 vector using the

BsaI restriction site by a T4 ligase reaction. The primers are listed in

Supplemental Table 2.

The plasmid was electroporated into Agrobacterium tumefaciens EHA105

and transformed into immature embryos of the maize inbred line CZ01 at

Weimi Biotechnology (Changzhou, China). Transformants were selected

with bialaphos. Cas9-free transgenic maize was identified for phenotypic

analysis.

RNA analysis

Total RNA extraction and purification, first-strand cDNA synthesis, qRT-

PCR, and stem-loop qRT-PCR were performed as described previously

(Sun et al., 2018). Each analysis was based on three replications, and

the comparative Ct method was used. The specific primers are listed in

Supplemental Table 2.

RNA-seq analysis

Total RNAwas extracted from root tips (2 cm from the apex) that had been

subjected to NL or ND for 3 days. Three biological replicates were per-

formed for each treatment. RNA libraries were constructed and raw

data analyzed as described previously (Wang et al., 2020). Clean reads
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were obtained after exclusion of low-quality reads, 50 and 30 adaptor

contaminants, and rRNA sequences obtained from GenBank. Reads

were then aligned to the maize B73_RefGen_v4 genome (ftp://ftp.

ensemblgenomes.org/pub/plants/release-41/fasta/zea_mays/dna/) us-

ing HISAT2 v2.1.0 with default parameters (Kim et al., 2015). Only

perfectly matching sequences were considered for further analysis. The

count information was used to calculate normalized gene expression

levels as fragments per kilobase of transcript per million mapped reads

(Pertea et al. 2015). Genes were considered to be differentially

expressed if the log2(fold-change ratio) was R1 and the adjusted

P value was <0.05 according to the DESeq2 method (Wang et al.,

2010). GO enrichment was performed using AgriGO v2.0 with default pa-

rameters (Tian et al., 2017).

Histochemical analysis of Casparian strip and lignin

Roots subjected to NS, NL, and ND for 3 days were sampled and

embedded in 3% agarose. A Leica VT1000 S vibratome was used to

obtain 50-mm cross sections. To observe CSs, the sections were stained

with 0.1% (w/v) berberine hemisulfate for 1 h and with 0.5% (w/v) aniline

blue for 30 min (Brundrett et al., 1988; Vishal et al., 2019). Images were

obtained with a Zeiss LSM 700 confocal microscope with excitation at

450–490 nm and detection at 520 nm.

Wiesner staining was used to observe lignin as described previously

(Berthet et al., 2011), and images were collected with a Leica DM6000

M microscope.

Propidium iodide staining

The PI penetration assay was performed as described by Naseer et al.

(2012) with some modifications. In brief, maize seedlings were exposed

to 100 mM PI in the dark for 6 h, and the area 1–2 cm from the root apex

was sampled. A Leica VT1000 S vibratome was used to obtain 50-

mm cross sections. Images were obtained with a Zeiss LSM 700

confocal microscope with excitation at 488 nm and detection at 500–

550 nm.

Histochemical detection of H2O2

For in situ detection of H2O2, maize roots that had been subjected to NL or

ND for 3 days were detached and stained with 3,30-diaminobenzidine so-

lution for 8 h in the dark at 37�C (Giraud et al., 2009; Ng et al., 2013). The

samples were then destained by boiling in a mixture of ethanol:acetic
Plant Co
acid:glycerol (3:1:1, v/v/v). Images were collected with a Leica M165 FC

microscope.

Transmission electron microscopy for cerium-chloride-based
H2O2 detection

Roots subjected to NL or ND for 3 dayswere sampled for cerium-chloride-

based H2O2 detection using previously described procedures (Lee et al.,

2013). Images were collected with an HT7700 transmission electron

microscope (Hitachi High Technologies, Tokyo, Japan) operating at 80 kV.

In situ hybridization

Tissue fixation and RNA in situ hybridization for ZmmiR528 and ZmLAC5

were performed as described by Sun et al. (2018). For ZmLAC3, a specific

315-bp fragment was amplified and cloned into the pGEM-T-easy vector

(Promega). Sense and anti-sense RNA probes were generated with the

DIG RNA Labeling Kit (Roche). The procedures for in situ hybridization

of ZmLAC3 were described previously (Zhang et al., 2007). Images were

collected with a Leica DM6000 M microscope. The specific primers are

listed in Supplemental Table 2.

Elemental assay

Maize roots and shoots subjected to NL, NS, or ND for 5 days were

collected. All the samples were dried at 65�C for 72 h and milled to a

fine powder. The dried samples were digested with HNO3 at R240�C.
The elemental concentrations were determined by inductively coupled

plasma mass spectrometry (Agilent 7700x, Agilent Technologies, USA).
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