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It is well studied that potassium (K+) deficiency induced aberrant growth and development of plant and altered the expression of protein-coding genes. However, there are not too many systematic investigations on root development affected by K+ deficiency, and there is no report on miRNA expression during K+ deficiency in wheat. In this study, we found that K+ deficiency significantly affected wheat seedling growth and development, evidenced by reduced plant biomass and small plant size. In wheat cultivar AK-58, up-ground shoots were more sensitive to K+ deficiency than roots. K+ deficiency did not significantly affect root vitality but affected root development, including root branching, root area, and root size. K+ deficiency delayed seminal root emergence but enhanced seminal root elongation, total root length, and correspondingly total root surface area. K+ deficiency also affected root and leaf respiration at the early exposure stage, but these effects were not observed at the later stage. One potential mechanism causing K+ deficiency impacts is microRNAs (miRNAs), one important class of small regulatory RNAs. K+ deficiency induced the aberrant expression of miRNAs and their targets, which further affected plant growth, development, and response to abiotic stresses, including K+ deficiency. Thereby, this positive root adaption to K+ deficiency is likely associated with the miRNA-involved regulation of root development.
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Introduction

Wheat (Triticum aestivum L.) is one of the most important crops in the world, which counts about 35% of the staple food for the world’s population (Paux et al., 2008). The problem of potassium (K+) deficiency in agriculture has a remarkably wide reach, affecting crops around the world, including wheat (Ruan et al., 2015). Studies on K+ concentration in the soil have revealed that as much as 75% of paddy soils are K+ deficient in China and that in Southern Australia is 67% (Rengel and Damon, 2008; Ruan et al., 2015). Generally, soil K+ levels are found below 0.3 mM in these fields (Ruan et al., 2015). Given the prevalence of agricultural plots across the world with a K+ deficiency problem, more research should be conducted for developing strategies to address this issue.

K+ is a crucial nutrient in many plant processes including photosynthesis, osmoregulation, and enzyme activations in many metabolic pathways (Maathuis, 2009). K+ regulates enzymes both transcriptionally and post-transcriptionally (Maathuis, 2009). It plays important roles in plant growth and development making it a point of interest to maximize crop yield (Pettigrew, 2008). Research has shown that the deficiency of K+ in plants is a form of abiotic stress that triggers a variety of responses resulting in reduced growth and productivity (Hafsi et al., 2014). Plant coping strategies such as morphological and physiological modifications and regulation of K+ transport systems exist; however, molecular mechanisms of adaption to K+ deficiency have not been fully understood (Hafsi et al., 2014). By further investigating the effects of K+ deficiency on plants and identifying the mechanisms involved in driving the observed changes, crop yields and quality can be maximized.

Root morphology change is one of the vital plant responses to K+ efficiency, manifesting commonly as root growth retardation (Hermans et al., 2006; Jordan-Meille et al., 2018). However, the impact varies among different plant species, genotypes, the degree and duration of the deficiency, and culturing conditions. In rice, a resistant genotype presented as a higher abundance of ﬁne roots within the root system under K+ deprivation (Jia et al., 2008; Jordan-Meille et al., 2018). In Arabidopsis thaliana, the number and length of the ﬁrst order lateral roots were decreased, while the number of the second order laterals was increased in K+ depleted plants (Kellermeier et al., 2014). Additionally, the elongation of the main roots was inhibited (Shin and Schachtman, 2004; Jung et al., 2009; Kim et al., 2010; Kellermeier et al., 2013). In cotton, K+ deficiency inhibited lateral root formation and elongation, and retarded main root growth after 4 DAT of the treatment (Zhang et al., 2009). Although it is well studied that K+ deficiency induced aberrant growth and development of plant and altered the expression of protein-coding genes, more systematic investigations on root development under K+ deficiency and the underlying molecular mechanisms are needed.

MicroRNAs (miRNAs) are small regulatory RNA molecules that bind to target mRNA sequences and form a mRNA-induced gene silencing complex (RISC) (Li and Zhang, 2016). They are a class of small non-coding RNAs responsible for regulating target genes in many metabolic and developmental processes (Li and Zhang, 2016; Jaubert-Possamai et al., 2019). miRNAs are approximately 20–22 nucleotides in length and are processed by Dicer-like 1 (DCL1) enzyme from precursor sequences (pre-miRNAs) in plants. miRNAs are highly evolutionarily conserved from species to species (Zhang et al., 2006); many miRNAs are involved in the regulation of plant response to abiotic and biotic stresses (Zhang, 2015; Jaubert-Possamai et al., 2019). Gene expression is inhibited by miRNAs in two ways: either by the targeted degradation of mRNA molecules or by inhibition of protein translation. Research identifying new miRNAs and determining their functions is growing rapidly in a multitude of plant species (Zhang and Wang, 2015). There are many reports on the role of miRNAs in plant root growth and development (Khan et al., 2011; Couzigou and Combier, 2016; Zhang and Unver, 2018). Several miRNAs were found to regulate root structure change induced by phosphorus or nitrogen deficiency (Nguyen et al., 2015). However, the study of miRNA expression during root development change under K+ deficiency condition is rare, if any. In this study, we not only studied the impact of K+ deficiency on wheat seedling growth and development but also systematically studied the effect of K+ deficiency on wheat root development and morphology. Our results show consistent findings with other studies in that K+ deficiency affected wheat seedling growth and development. We also found that although K+ deficiency did not affect root vitality, it affected root development, including root branching, root area, and root size. Importantly, we found that K+ deficiency altered the expression of miRNAs and their targets; the majority of gene targets regulated by miRNAs are related to root development. Manipulating the expression of these miRNAs and their targets may become a new strategy to increase plant biomass and yield under potassium K+ condition and enhance the fertilizer efficiency.



Materials and Methods


Wheat Seed Sterilization and Growth Conditions

Wheat (Triticum aestivum L.) cultivar AK-58 was used to test the impact of K+ deficiency. AK-58 was bred by the Henan Institute of Science and Technology, which is the No. 1 widely-adopted wheat cultivar by farmers in China. AK-58 has many elite traits, including high yield, high quality, and tolerance to both abiotic and biotic stresses; however, it is sensitive to NPK deficiency and requires substantial fertilizers. Mature wheat seeds were collected and surface sterilized in 9% H2O2 solution for 5 min followed by 5 times of washes with sterilized water. Sterilized seeds were then carefully placed at ~1 cm apart with a 5-cm space from the top of the germination paper soaked in a nutrient solution with half in control solution and half in K+ deficiency solution. The papers were rolled and placed in a plastic tub of nutrient solution with half in control solution and half in K+ deficiency solution in the dark at 28°C for six days until seedling emergence was observed. Tubs were covered with a plastic sheet punctured with a needle to prevent evaporation of solution while allowing airflow.

After six days of germination, 25 seedlings, respectively, from control and K+ deficiency were collected and transferred to a hydroponic system of corresponding control or K+ deficiency under lamplight at 28°C. The transferring day was defined as 0 day after transferring (0 DAT). The system contained a nutrient solution that had 2 mM NaCl, 2.5 mM Ca(NO3)2, 0.5 mM NH4H2PO4, 1 mM MgSO4, 0.1 mM EDTA FeNa, 0.02 mM H3BO3, 0.001 mM MnSO4, 0.2 μM CuSO4, and 0.005 μM (NH4)6Mo7O24•4H2O. The K+ concentrations were manipulated to create a normal control of 2.5 mM KCl and a K+ deficiency treatment with low K+ concentration of 0.02 mM KCl and NaCl at 2.48 mM.



Root Morphology Analysis

At 4 DAT and 8 DAT of K+ treatment, the plant morphology was observed, and the number of roots was accounted. After that, the whole plants and each part of the plants were scanned by using an EPSON Scanner, and pictures were taken. The software WinRHIZO was employed to analyze the root length, root area, root volume, and root dimeter. The length of the seminal roots and the length of roots that had not branched roots were also measured.



Dry Biomass Measurement

After pictures were taken and morphological characteristics were recorded, both up-ground shoots and under-ground roots were placed in an oven with 80°C for drying. After 4 days of drying, the dry mass was measured and calculated.



Root and Leaf Respiration Measurement

After 4 DAT and 8 DAT of K+ treatment, six wheat seedings were randomly selected from the K+ deficiency treatment and the controls, respectively. The middle 2 cm of the first fully opened leaf and root section (5–7 cm from the stem) was cut and weighted. Then, the samples were placed into the incubator chamber of the Clark Chlorolab2 system followed by adding 2 ml saturated CaSO4 solution. The Clark Chlorolab2 was employed to measure the consumption of O2 for 10 min. The consumption rate of O2 was calculated. Six biological replicates were measured for each tissue of each treatment at each time point.



Root Vigor Measurement

Root vigor was measured by using the TTC method. Briefly, roots of each plant were weighted and cut into small fragments of ~1 cm in length followed by soaking in 0.6% TTC solution prepared by using 0.1 M phosphate buffer solution (PBS). After 24 h of dyeing by TTC, the root samples were washed three times with ddH2O. Finally, the stained roots were soaked in 95% ethanol for 10 min at an 85°C water bath to extract triphenylformamidine (TTF). Root vigor was measured using a spectrophotometer at 485 nm. The OD value was recorded. Six biological replicates were performed for each treatment at each time point.



Measurement of Chlorophyll

After 4 DAT and 8 DAT of K+ treatment, the first fully-opened leaf was selected from each treatment and the control plant. The whole leaves were broken in a mortar with a small amount of CaCO3 and 2 ml acetone. Then, broken leaves were transferred into a 15 ml centrifuge tube. The leaf residue on the mortar was rinsed off using 3 ml acetone and then transferred into the centrifuge tube. The centrifuge tubes were centrifuged for 10 min at 10,000g. After adding acetone to the total of 5 ml, the chlorophyll content was measured using a spectrophotometer at wavelength of 663 and 645 nm. Six biological replicates were measured for each treatment at each time point.



RNA Extraction, Reverse Transcription, and Gene Expression Analysis

Total RNAs were extracted using the MirVana miRNA Isolation Kit according to the manufacturer’s protocol. Briefly, after 4 and 8 DAT of treatment, root samples from the K+ deficiency treatment group and the control group were collected and immediately frozen in liquid nitrogen and then stored at −80°C until RNA extraction. About 200 mg of frozen root samples was used to extract total RNAs from each sample. Three biological replicates were performed for each treatment and the controls. Extracted RNAs were quantified, and the quality was tested using a Nanodrop ND-1000 (Nanodrop Technologies, Wilmington, DE). Extracted RNA was stored at −80°C until further analysis.

Reverse transcription of isolated RNA was performed following the manufacturer’s protocol of the TianGen miRcute miRNA First-strand cDNA Synthesis Kit (Beijing, China). miRNA specific stem-loop primers were used to synthesize cDNA from previously extracted RNA samples. Synthesized cDNA was then used in qRT-PCR.

Gene expression analysis of miRNAs and their targeted genes was performed by qRT-PCR following the manufacturer’s protocol as outlined in the TianGen miRcute Plus miRNA qPCR Detection Kit. The previously synthesized cDNA was amplified and quantified to determine the expression levels. The 50× ROX Control Dye and 50×ROX Reference Dye were used along with SYBR Green to facilitate the measurement of the expression levels. Expression levels were normalized against the reference gene EF1A. Fold change was calculated using the ΔΔCT method. Three biological and three technical replicates were run for each gene and miRNA.

K+ deficiency affected root development in a wide range of plant species (Jia et al., 2008; Maathuis, 2009; Zhang et al., 2009; Hafsi et al., 2014; Guo et al., 2019). To study the potential miRNA-mediated mechanism in which plant responds to K+ deficiency, we have selected and tested a total of 20 miRNAs that are associated with root development (Khan et al., 2011; Couzigou and Combier, 2016; Li and Zhang, 2016) and responses to nutrients (Maathuis, 2009; Kulcheski et al., 2015) including nitrogen and phosphorus deficiency (Bao et al., 2019; Filina et al., 2019; Yang et al., 2019; Asefpour Vakilian, 2020; Hou et al., 2020; Liu et al., 2020; Lv et al., 2020; Tiwari et al., 2020). These 20 miRNAs were miR160, miR164, miR165, miR166, miR167, miR169, miR171, miR172, miR390, miR393, miR396, miR847, miR857, miR156, miR162, miR319, miR395, miR778, miR399, and miR827. We also investigated the expression of their targets. Based on literature search, we only found nine target genes [Nascent polypeptide-associated complex 1 (NAC1), NAC2, Homeo-domain leucine zipper (HD_Zip), Indole-3-acetic acid (IAA)-Ala-resistant 3 (IAR3), Nuclear transcription factor Y subunit alpha 2 (NFYA2), Auxin response factor 2 (ARF2), Growth regulator factor 1 (GRF1), Basic helix-loop-helix (bHLH), Squamosa promoter binding protein like 1 (SPL1)] with nucleotide sequences.



Statistical Analysis

Depending on different traits, three to six biological replicates were performed. For most physiological and morphology-related traits, six biological replicates were performed. For gene expression analysis, three biological replicates were performed. Statistical software SPSS version 22 was employed to analyze all the data. ANOVA was employed to analyze the significance between the K+ deficiency treatment group and the control group. A p-value less than 0.05 was marked as * and a p-value less than 0.01 was considered a highly significant difference and marked as ∗∗ in graphs.




Results


K+ Deficiency Significantly Affected Wheat Growth and Biomass

K+ deficiency significantly affected wheat seedling aboveground growth and development but had no significant influence on root biomass. At 4 DAT of treatment, the seedlings of the K+ deficiency treatment group started to display differences as compared to the control group, including smaller leaves, color change from dark green to light yellow, and smaller plant sizes. After 4 DAT of K+ deficiency treatment, the dry plant biomass reduced from 50.78 mg/plant to 39.34 mg/plant with 22.5% decrease as compared to the control group (Table 1). After 8 DAT of treatment, the total dry biomass of K+ deficiency treatment group was only 53.83 mg/plant, while the control group was 67.22 mg/plant (Table 1).

Plant up-ground parts were more sensitive to K+ deficiency than the roots (Table 1). After 4 DAT and 8 DAT of K+ deficiency treatment, the dry shoot weight, dry plant weight, and shoot area were all significantly decreased as compared to the controls. In contrast, there was no significant difference in dry root biomass between the K+ deficiency treatment group and the controls (Table 1).


Table 1 | Effect of K+ deficiency on plant biomass of wheat seedlings and shoot area at 4/8 days after transfer day (DAT)*.





K+ Deficiency Significantly Affected Wheat Root Development

Although there is no significant effect on root biomass after 8 DAT of K+ deficiency treatment, K+ deficiency inhibited root development and further affected root growth and development after 8 DAT of treatment. K+ deficiency delayed the emergence of seminal roots; after 4 DAT of treatment, there were on average 5.4 seminal roots per plant for the control group, whereas only 4.2 seminal roots per plant in the K+ deficiency group. This difference diminished after 8 DAT of treatment where plants in the control group generated 5.5 seminal roots, while plants under K+ deficiency treatment produced 5.2 seminal roots. Although the emergence of seminal roots was delayed in the K+ deficiency group, the seminal root length, and non-branching zone length were both increased in the K+ deficiency group as compared to the controls. Further, the total root length was also increased under the K+ deficiency treatment. However, the total root volume and average root diameter were not changed under the K+ deficiency treatment (Table 2 and Figure 1).


Table 2 | Effect of K+ deficiency on morphological parameters of wheat seedling roots at 4/8 days after transfer day (DAT).






Figure 1 | Seedling morphology difference between high K+ control group and low K+ treatment group at 0, 4 and 8 days after transfer day (DAT).





K+ Deficiency Affected Wheat Respiration and Root Vitality

Although K+ deficiency did not significantly affect root vitality, it affected root and leaf respiration (Table 3). The effects were manifested mainly at the early treatment stage. At the 4 DAT of K+ deficiency treatment, roots and leaves all displayed higher respiration rate as compared to the controls. As treatment extended to 8 DAT, the respiration rate has no difference between the K+ deficiency treatment and the control group, suggesting plant adaption to the K+ deficiency condition.


Table 3 | Effect of K+ deficiency on root vitality, root or leaf respiration reflected by oxygen consumption rate at 4/8 days after transfer day (DAT).





K+ Deficiency Affected Chlorophyll Biosynthesis in Wheat Seedlings

K+ deficiency significantly inhibited the biosynthesis of chlorophyll a and b and further affected the whole content of chlorophyll (Table 4). Under K+ deficiency, the biosynthesis of chlorophyll was reduced by 14.3–20.0% Chlorophyll is one of the major pigments in plant photosynthesis system, responsible for absorbing solar light for plant photosynthesis. Reduction of chlorophyll biosynthesis under K+ deficiency results in lower photosynthesis that further affects plant growth and development as well as plant biomass.


Table 4 | Effect of K+ deficiency on chlorophyll at 4/8 days after transfer day (DAT)*.





Expression Analysis of miRNAs and Their Target Genes

All 20 tested miRNAs and nine targets were expressed in wheat seedling under the normal culture condition. Among the 20 miRNAs, miR160 was the highest expressed followed by miR164, miR172, miR319, and miR156. Except miR393 and miR167, all other miRNAs were highly expressed compared with the reference gene. All nine miRNA target genes were also expressed with different levels; among them, HD ZiP was the highest expressed followed by GRF1 transcription factor gene. Compared with the reference gene and other tested genes, the expression level of bHLH transcription factor gene was relatively low (data not shown).



K+ Deficiency Induced Aberrant Expression of miRNAs and Their Targets

K+ deficiency induced aberrant expression of miRNAs and their targets (Figures 2 and 3). However, different miRNAs responded to K+ deficiency differently (Figure 2). At 4 DAT of K+ deficiency treatment, miR171 was upregulated the most by 5.35-fold. The expression of miR156, miR164, miR166, miR169, and miR390 was also highly induced with more than 3-fold change. In contrast, when the treatment was extended to 8 DAT, the expression of all tested miRNAs was inhibited compared with 4 DAT, except miR393 (Figure 2). Although the expression of the majority of miRNAs was still higher in the K+ deficiency treatment group than that in the controls, the fold changes were much smaller than those detected at 4 DAT. At 8 DAT, the expression of miR778 and miR172 was lower in the K+ deficiency treatment than that in the controls (Figure 2).




Figure 2 | Fold change of miRNA expression between low K+ treatment and the controls at 4/8 days after transfer day (DAT). Error bars represent the S.E (n = 3). The * and ** on the bars indicate significant differences of fold change of miRNA expression between low K+ treatment and the controls at 4 and 8 DAT at p < 0.05 and p < 0.01, respectively. The different letters on the bars indicate significant differences of fold change of miRNA expression between 4 and 8 DAT according to the LSD test (p = 0.05).






Figure 3 | Fold change of miRNA target gene expression between low K+ treatment and the controls at 4/8 days after transfer day (DAT). Error bars represent S.E. (n = 3). Highly significant difference was marked as ** to represent a p value < 0.01 and as * to represent a p value < 0.05 between low K+ treatment and the controls. The different letters on the bars indicate significant differences of fold change of miRNA target expression between 4 and 8 DAT according to the LSD test (P = 0.05).



K+ deficiency treatment also affected the expression of protein-coding genes (Figure 3). At 4 DAT, all tested nine potential miRNA targets, except HD Zip gene, were highly expressed in K+ deficiency treatment compared to that in the controls. Among them, GRF1 and bHLH transcription factor genes were the most highly induced by the K+ deficiency treatment as compared to the controls, with 2.38- and 1.86-fold increase, respectively. In contrast, at 8 DAT, the majority of potential miRNA targets were inhibited by K+ deficiency treatment except NAC1 and HD ZiP transcription factor genes. Among them, GRF1 transcription factor gene was the most downregulated under the K+ deficiency condition; the expression fold change was from 2.38-fold increase at 4 DAT to 0.75-fold decrease at 8 DAT. The expression level of NFYA2 transcription factor gene was also decreased by 47.3% at 8 DAT compared to that at 4 DAT under K+ deficiency treatments.



miRNAs Regulated Wheat Plant Response to K+ Deficiency Through Regulation of Protein-Coding Genes

A miRNA functions through inhibiting its targeted protein-coding gene; therefore, the expression of a miRNA and its gene target should be reversely corelated, i.e. if a miRNA is upregulated, the expression of its target should be decreased. However, since there may be secondary responses and other gene regulators besides miRNAs, the expression patterns of miRNAs and their targets are usually complex in real-world scenario where the reverse expression relationship may not exhibit. In this study, we found that, in most cases, K+ deficiency treatment inhibited the expression of both miRNAs and their targets. However, the extent of inhibition varies among different miRNAs and their targets. To elucidate the potential relationship between miRNAs and their potential targets, we modeled the relationship between fold changes of miRNAs and their targets from 4 DAT to 8 DAT. The results clearly show that there was a negative linear relationship between miRNAs and their target expressions. The reverse relationship can be described with the equation: y = −1.1244X + 1.9925 (Figure 4); the slope is −1.1244. This reverse relationship suggests that the tested miRNAs negatively regulated the expression of their target genes.




Figure 4 | The reverse linear relationship of fold change between miRNAs and their targets.






Discussion

Although the effect of fertilizers on plant growth and development has been well studied at different levels, including transcriptomes, few studies were focused on K+ in wheat (Krishnasamy et al., 2014; Ruan et al., 2015; Yilmaz et al., 2017; Asif et al., 2018). Yilmaz and colleagues (2017) investigated the impact of K+ deficiency on wheat biomass and antioxidative response (Yilmaz et al., 2017). Asif and colleagues (2018) reported the effect of K+ deficiency treatment on wheat yield (Asif et al., 2018). In an early study, Ruan and colleagues (2015) compared the gene expression under K+ deficiency treatment in two K+ deficiency susceptible and tolerant wheat cultivars, in which they also observed that K+ deficiency affected root development (Ruan et al., 2015); however many details were not reported. Krishnasamy and co-workers (2014) reported that K+ deficiency affected wheat growth, including root growth; after a long term treatment, the root dry weight was greater in adequate K+ treatment than that in the K+ deficiency in all four tested wheat cultivars (Krishnasamy et al., 2014). However, the majority of these studies were performed in the field without systematic investigation of K+ deficiency impacts on root morphology, growth, and development. Our study filled this data gap and showed that K+ deficiency delayed seminal root emergence but enhanced seminal root elongation and increased total root length and total root surface area. However, probably due to the short treatment time and quick adaption, we did not observe the significant difference on root biomass between K+ deficiency treatment and the controls. It is likely that K+ deficiency will eventually inhibit root development and reduce the total fresh and dry root biomass as reported by others (Krishnasamy et al., 2014).

K+ is a major nutrient for plants, particularly important for crop yields. However, there is not enough K+ in the soil; therefore, for a sustainable crop production, K+ fertilizer is always required for agricultural purposes. Deficiency of K+ in plants triggers reductions in a myriad of physiological processes, including NO3− uptake, photosynthesis, and stomatal conductance; all of those lead to a decrease in crop yield and quality (Pettigrew, 2008). To maximize crop production, it is important to better understand K+ deficiency-induced physiological changes and the underlying mechanisms. This study provides a systematic understanding of K+ deficiency-induced changes in wheat growth and development, particularly on root development. This study also investigated the miRNA-mediated gene regulation during wheat plant response to different K+ concentrations. Overall we found that low K+ availability altered the expression of certain miRNAs and their gene targets. Among the 20 tested miRNAs, the expression of 16 miRNAs, except miR393, miR395, miR396 and miR778, was induced by K+ deficiency (Figure 2) at 4 and/or 8 DAT which was similar to what we found in cotton (Fontana et al., 2020). This may be a molecular mechanism underlying wheat response to K+ deficiency to enhance root growth and nutrient uptake. In a review paper, Nguyen et al. (2015) suggested that nitrogen deficiency induced the expression of miR156, miR160, and miR171 in Arabidopsis and the expression of miR156, miR160, miR171 miR162, miR167, and miR393 in maize roots; however, nitrogen deficiency inhibited the expression of miR164, miR166, miR169, miR172, miR319, miR396, miR399, miR827, and miR857 in maize roots, the expression of miR169, miR171, miR172, miR319, miR396, miR399, miR827, and miR857 in soybean roots, and the expression of miR169, miR172, miR319, miR396, miR399, miR827, and miR857 in Arabidopsis roots (Nguyen et al., 2015). Therefore, the expression patterns of miRNAs were different between K+ deficiency and nitrogen deficiency.

ARF genes have been shown to play key roles in plant development in many plant species, including Arabidopsis. According to previous studies, the ARF family genes are targets of several miRNAs, including miR160, miR167 (Wu et al., 2006), and miR390 (Xia et al., 2017). miR160 is an important root development regulator that has been found expressed at high levels in cotton (Pan et al., 2019). miR160 has also been documented to inhibit ARF-10, ARF-16, and ARF-17 genes, and to regulate itself by endogenous target mimics (Lin et al., 2015). The miR167 was found to regulate the expression of ARF6 and ARF8 in Arabidopsis (Wu et al., 2006). The miR390 does not directly target or bind to ARF family genes, but has been shown to act as a regulatory factor by targeting TAS3, resulting in the production of trans-acting small interfering RNAs (tasiRNA) (Xia et al., 2017). These tasiRNAs then target ARF genes, acting to suppress them (Xia et al., 2017). The HD-ZIP family of genes have been shown to be targets of both miR165 and miR166. This study shows that K+ deficiency affected the expression of ARF transcription factor genes and their corresponding miRNAs.

Genes of the NAC transcription factor family have been identified as targets of miR164 in Arabidopsis, and that TaNAC21/22 is a target of miR164 in wheat (Feng et al., 2014). Studies have shown that miR396 targets the Growth regulating factor (GRF) gene family in plants and may also act to regulate bHLH74 (Debernardi et al., 2012). miR396 was slightly upregulated at 4 DAT of K+ deficiency treatment. At 8 DAT of K+ deficiency treatment, GRF1 was downregulated as opposed to bHLH which was slightly upregulated. miR156 targets have been identified in Arabidopsis as the SPL gene family and have been studied together with miR172 targets in the AP2-like family (Wu et al., 2009). The miR156 displayed over 3.3-fold upregulation at 4 DAT of K+ deficiency treatment, while miR172 was upregulated by over 2.5-fold. The SPL1 gene was about 1.3-fold upregulated at 4 and 8 DAT of K+ deficiency treatment. miR156 and miR172 were almost equivalently downregulated at 8 DAT of K+ deficiency treatment while SPL1 was upregulated. A study in Arabidopsis revealed that miR171 may act antagonistically towards miR156 targeting SPL2 and SPL9 genes during the regulation of trichome distribution (Xue et al., 2014; Wang and Guo, 2015). In this study, miR171 showed the highest expression level among all tested miRNAs at the 4 DAT of K+ deficiency treatment, and its expression level was reduced at the 8 DAT time point, dropping from 5.35-fold to 1.93-fold upregulation.

Arabidopsis root architecture is regulated by NFYA2 which is targeted by an miR169 isoform (Sorin et al., 2014). In this study, miR169 was nearly 3.3-fold upregulated at 4 DAT of K+ deficiency treatment, but its expression was reduced to less than 1.5-fold upregulated at 8 DAT of K+ deficiency treatment. The NFYA2 gene was 2-fold upregulated at 4 DAT of K+ deficiency treatment, but by 8 DAT its expression was reduced to a downregulated state. Because NFYA regulated the nitrate transporter expression (Zhao et al., 2011), upregulation of miR169 under K+ deficiency further suggests that K+ deficiency interferes with the nitrate uptake.

It is well studied that K+ deficiency induced aberrant growth and development of plant and altered the expression of protein-coding genes. In this study, we observed a similar phenomenon on wheat growth and development under K+ deficiency condition. However, few studies provided detailed findings on root development affected by K+ deficiency but no report on miRNA expression during K+ deficiency in wheat to date despite that two recent studies reported that K+ deficiency altered the expression of certain miRNAs in cotton and barley, respectively (Zeng et al., 2019; Fontana et al., 2020). In this study, we systematically studied the effect of K+ deficiency on wheat root development and morphology. Our results show that although K+ deficiency did not affect root vitality, it suppressed root development, including root branching, root area, and root size. In addition, K+ deficiency delayed seminal root emergence, while it enhanced seminal root elongation, increased total root length and further increased the total root surface area. This suggests that wheat plants attempted to adapt to K+ deficiency condition by generating more roots for taking more nutrient from the medium to meet its growth and development needs. Importantly, K+ deficiency altered the expression of miRNAs and their targets related to root development. For example, miR171 and miR166 are two miRNAs with the most expression changes after 4 DAT of K+ deficiency treatment, which regulate hairy meristem and ZiP transcription factor genes and control lateral root development (Couzigou and Combier, 2016). Under K+ deficiency condition, to uptake more K+, more miRNAs were synthesized by wheat seedling to enhance root differentiation and development. This results in enhanced growth and development of wheat root to adapt to the low K+ environment. However, although the seedlings attempted to adapt to the environment, the long-term K+ deficiency will eventually lead to retarded growth and development. In this study, almost all miRNAs and their target genes were upregulated after 4 DAT of K+ deficiency treatment, demonstrating a potential adaption mechanism. However, after 8 DAT of K+ deficiency treatment, most miRNAs and protein-coding gene expression levels were down which further caused plant growth retardation, indicating the negative impacts of prolonged K+ deficiency. Thus, the positive root adaption to K+ deficiency at the early stage could be regulated by miRNA-mediated pathway and mechanism which are associated with root development.
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