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Understanding the mechanism of crop response to nitrogen (N) deficiency is very
important for developing sustainable agriculture. In addition, it is unclear if the
microRNA-mediated mechanism related to root growth complies with a common
mechanism in monocots and dicots under N deficiency. Therefore, the root morpho-
physiological characteristics and microRNA-mediated mechanisms were studied under
N deficiency in wheat (Triticum aestivum L.) and cotton (Gossypium hirsutum L.). For
both crops, shoot dry weight, plant dry weight and total leaf area as well as some
physiological traits, i.e., the oxygen consuming rate in leaf and root, the performance
index based on light energy absorption were significantly decreased after 8 days of
N deficiency. Although N deficiency did not significantly impact the root biomass,
an obvious change on the root morphological traits was observed in both wheat
and cotton. After 8 days of treatment with N deficiency, the total root length, root
surface area, root volume of both crops showed an opposite trend with significantly
decreasing in wheat but significantly increasing in cotton, while the lateral root density
was significantly increased in wheat but significantly decreased in cotton. At the same
time, the seminal root length in wheat and the primary root length in cotton were
increased after 8 days of N deficiency treatment. Additionally, the two crops had different
root regulatory mechanisms of microRNAs (miRNAs) to N deficiency. In wheat, the
expressions of miR167, miR319, miR390, miR827, miR847, and miR165/166 were
induced by N treatment; these miRNAs inhibited the total root growth but promoted the
seminal roots growth and lateral root formation to tolerate N deficiency. In cotton, the
expressions of miR156, miR167, miR171, miR172, miR390, miR396 were induced and
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the expressions of miR162 and miR393 were inhibited; which contributed to increasing
in the total root length and primary root growth and to decreasing in the lateral root
formation to adapt the N deficiency. In conclusion, N deficiency significantly affected the
morpho-physiological characteristics of roots that were regulated by miRNAs, but the
miRNA-mediated mechanisms were different in wheat and cotton.

Keywords: wheat, cotton, root, microRNA, nitrogen deficiency, physiology

INTRODUCTION

Nitrogen (N) is one of the most abundant nutrients for plant
growth. The application of N fertilizer has always been a key
way to increase crop yields (Zhang, 2007; Gao et al., 2015; Shang
et al., 2015). Unfortunately, the usage efficiency of N fertilizer is
relatively low, because the N fertilizer is easy to volatilize, leach,
and denitrify in the soil; over usage of N fertilizer also results
in many environmental problems, such as the eutrophication of
water and deterioration of air quality (Carpenter et al., 1998;
Stulen, 1998; Tilman, 1999; Richter and Roelcke, 2000; Xing
and Zhu, 2000). Therefore, understanding the mechanism of
N-deficiency tolerance in crops is very important for optimizing
N management, breeding new cultivars with high N usage
efficiency and further developing sustainable agriculture.

Root system is the main organ for absorbing water and
nutrients (Lynch, 2013; Shang et al., 2015). Root architectural,
morphological phenes, and phene aggregates affect the utilization
of soil resource (York and Lynch, 2015). For example, maize
(Zea mays) plants with few but long lateral roots usually have
greater N acquisition than that with many but short lateral
roots, because of deeper rooting and greater axial root elongation
(Zhan and Lynch, 2015). In addition, root architectural and
morphological phenes have a high plasticity with the availability
of soil resource (Asseng et al., 1998; Sun et al., 2017). Linkohr
et al. (2002) compared the change of root system architecture
of Arabidopsis in homogeneous, heterogeneous provision of
nitrate and phosphate, founded that the primary root length was
decreased with increasing availability of nitrate, while increased
with more supply of phosphate. Therefore, root systems play a
key role in environmental fitness, crop performance and yield
(Shang et al., 2015). Plants have evolved several strategies to
adapt N deficiency through the morphological, physiological,
biochemical, or molecular processes (Chuck et al., 2007; Gao
et al., 2018), which includes increasing the length and number of
fine roots or decreasing the stele diameter and tracheid diameter
of coarse roots (Zhang et al., 2011), altering the root architecture
to have the largest surface area for absorbing soil resource
(Engineer and Kranz, 2007), optimizing the N allocation (Gao
et al., 2015), increasing the enzyme activities for N assimilation
(Fuentes et al., 2001; Feng et al., 2016), and improving ability of
N assimilation by regulating the genes involved in C metabolism
(Yanagisawa et al., 2004; Feng et al., 2016). However, there is a
significant difference between monocot plants and dicot plants
in root morphological, structural characters, and biochemical
process. The roots of almost all monocots have a fibrous root
system which is characterized by many adventitious roots, while
the roots of most dicots have a tap root system including

the primary root and lateral roots (Osmont et al., 2007; Bellini
et al,, 2014). The conserved function of GRAS gene family
in regulating root radial patterning of all plant species (Cui
et al.,, 2007; Hochholdinger and Zimmermann, 2008), the diverse
function of lateral organ boundaries (LOB) domain proteins for
root formation in maize and Arabidopsis (Hochholdinger and
Zimmermann, 2008), and the histological differences of root in
Arabidopsis and cereals (Schiefelbein et al., 1997; Jiang et al,
2003).

MicroRNAs (miRNAs) are an abundant class of endogenous
noncoding RNAs with 21-24 nucleotides in length, which
regulate the target genes by inhibiting mRNA translation or
splicing the mRNAs that have complementary base-pairing
with the miRNA (Zhang et al., 2006a; Wang et al, 2017);
therefore miRNAs regulate the development and stress responses
in animals and plants (Bartel, 2009; Voinnet, 2009; Zhang,
2015). Studies also show that miRNAs regulated root growth
and development (Meng et al., 2010; Khan et al., 2011; Li and
Zhang, 2016), including embryonic root development, primary
root growth, root radial patterning, tissue differentiation, lateral
root, and adventitious root development. By targeting PXMT1,
overexpression of miR163 inhibited primary root elongation
(Li T. et al, 2021). miR393 with a si-TAAR suppressed
primary root elongation which was involved in the abscisic
acid (ABA) signaling pathway (Chen et al., 2012; Yan et al,
2022); miR393 suppressed root growth by targeting AFB3
in Arabidopsis (Vidal et al., 2010). Many of miRNAs are
proved to be highly conserved throughout plant evolution by
regulate conserved target genes (Zhang et al, 2006b). For
example, the miR164-NAC (NAMATAF-CUC) module, miR156-
SPLs (SQUAMOSA PROMOTER BINDING-LIKE) module
and miR396-GRFs (GROWTH RESPONSE FACTORS) are
conserved across plant species in regulating plant growth
(Willmann and Poethig, 2007). Several miRNAs have been
reported in association with N stresses under different tissue
(Chiou, 2010; Zhao et al., 2011; Zeng et al., 2014). Through
genome-wide identification, miRNAs including 119 conserved
and 1,002 putative novel were identified in potato under N
deficiency (Tiwar et al., 2020).

Although many experiments have been done on root
development under N deficiency, more systematic investigations
are still essential, particularly on the comparison between
monocots and dicots under N deficiency. In addition,
it is unclear if the miRNA-mediated mechanism related
to root growth complies with a common mechanism in
monocots and dicots under N deficiency. Wheat (Triticum
aestivum L.) as one of the most important monocot
crops, supplied about 35% of staple food for the world’s
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population. While cotton (Gossypium hirsutum L.), one
dicot, is an important cash crop in the world, contributed
greatly to the industrial and economic development in
many countries (Hakoomat et al., 2014). In this study, we
systematically analyzed the change of root morphological
characteristics and physiological feature during sustained
N deficiency in wheat and cotton. We also explored the
regulate mechanisms of miRNAs in root growth in wheat
and cotton under N deficiency. This research provided a
new strategy to improve the N use efficiency and cultivate
N efficient varieties of wheat and cotton by regulating
the expression of miRNAs and their targeted mRNAs
under N deficiency.

MATERIALS AND METHODS

Seed Germination and Sampling

Wheat cultivar AK-58 and cotton cultivar Baimian No.
1 were used in this research; both cultivars were widely
cultivated in China. Healthy mature wheat and cotton seeds
with same size were selected and surface sterilized in 10%
H;0; for 5 min and 20 min, respectively, followed by
washing for five times with sterilized water. Then, the
sterilized seeds were germinated and cultivated as described
in our previous studies (Fontana et al, 2020; Thornburg
et al, 2020). In order to analyze the effect of N, two N
concentrations were provided. The normal N (NN) solution
served as the control, which consisted of: 2.5 mM Ca(NO3),,
1 mM MgSOy4, 0.5 mM KH;PO4 2 mM NaCl, 2 mM
KCI, 0.1 mM EDTA-FeNa, 0.2 pM CuSOy4, 1 pM ZnSOy,
0.02 mM H3BO3, 5 nM (NH4)6M07024, 1 MM MnSO4.
While the low N (LN) solution consisted of 0.05 mM
Ca(NOj3); and 2.45mM CaCl, with other element concentration
at the same with the control. After 4 and 8 days of N
stress treatments, the wheat and cotton seedlings of each
treatment were sampled for measuring the morphological traits,
physiological traits, and the expression of miRNAs and their
targeted mRNA genes.

Morphology Analysis and Biomass
Measurement of Wheat and Cotton

Plants

The shoot and roots were first separated from each plant;
then, the fresh weights were weighed. The fresh tissues were
dried at an oven with 80°C for 2 days and then the dried
weight was measured.

The number and length of seminal roots of wheat, primary
root of cotton were first measured manually. Then, each part
was scanned by using the Epson scanner (Epsin America
Inc., California, CA, United States), and saved with images.
WinRHIZO was used to analyze the images, and the total length
of root, surface area of leaf and root, root volume, and root
average diameter per plant were measured.

Four and six biological replicates were performed for wheat
and cotton, respectively, for each trait for each treatment.

Measurement of Chlorophyli

Fluorescence and Chlorophyll Content

The chlorophyll fluorescence of the first fully-opened leaves
in wheat and the second fully opened leaves in cotton of each
treatment were measured by using a portable fluorometer
(Handy PEA, Hansatech, Norfolk, United Kingdom) with
four to six biological replicates at the 4th and 8th days
after N deficiency. Before measurements, the selected
leaves were dark-adapted for 30 min. A fast fluorescence
curves was induced by 1 s pulses of red light (650 nm,
3500 pmol- m~2. s~!). The performance index based on
light energy absorption (PIsps) that calculated from the fast
fluorescence curves was used to reflect the photosynthetic
capacity of leaves. After the measurement of chlorophyll
fluorescence, the leaves were used to measure the chlorophyll
content according to the method in our previous studies
(Thornburg et al, 2020) at the 4th and 8th days after N
deficiency treatments.

Root Vitality, Root and Leaf Respiration
Rate Measurement

Roots of four to six wheat and cotton plants under each treatment
were selected to measure root vitality according to the Triphenyl
tetrazolium chloride (TTC) method as described in our previous
studies (Fontana et al., 2020; Thornburg et al,, 2020). The
respiration rate of four to six plant roots and leaves were also
monitored as described in our previous studies (Fontana et al.,
2020; Thornburg et al., 2020) by using a Clark Chlorolab2 system
(Hansatech Instruments Ltd., Norfolk, United Kingdom).

Extraction of RNAs and Gene Expression

Analysis

Total RNAs were extracted by using the MirVana miRNA
Isolation Kit (Ambion, Austin, TX, United States) from
each sample collected at the 4th and 8th days after N
deficiency treatment according to the manufacturer’s
instructions The quality of RNAs was measured by Nanodrop
ND-1000 (Nanodrop Technologies, Lnc, Oxfordshire,
United States). Then, the extracted RNAs were stored
at -80°C until further analysis. To reveal the miRNA-
mediated mechanism under N deficiency, 20 miRNAs
and their targets that associated with root development,
nutrient stress in crops and reported in our previous
studies were tested according to the method of previous
reports (Fontana et al, 2020; Thornburg et al., 2020; Li L.
et al, 2021). Three biological replicates were run for each
treatment. Three technical replicates were run to avoid
pipetting-related issue.

Statistical Analysis

ANOVA test of the morphological index, physiological index,
and gene expression between two treatments were performed by
using SPSS version 22. Data presented in the figures and tables
are means =+ S.D. of three to six biological replicates.
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RESULTS

Effects of N Deficiency on the Plant
Growth and the Root Morphological

Traits in Wheat and Cotton Seedlings

There was a significant impact on the growth of both
crops under N deficiency treatments. Compared with the
normal N treatment, there was a significant decrease in
the shoot dry weight in both crops after 4 and 8 days of
N deficiency treatments. In addition, a significant decrease
in plant dry weight and total leaf area were observed for
both crops after 4 and 8 days of N deficiency treatments
with 23.06 and 38.82% of decrease in wheat, 15.94 and
32.12% of decrease in cotton compared with the control
treatment. Although the root dry weight was increased to
14.83% in wheat and 10.04% in cotton seedling under N
deficiency than that of the controls from 4 days to 8 days of
treatments, no obvious difference was observed between the
treatments (Figure 1).

Further analysis of root morphological characteristics, obvious
effects were observed under N deficiency (Table 1 and Figure 2).
First, the total root length, root surface area, root volume
area, root average diameter, lateral root density, seminal root
length, or primary root length of both crops had no significant
difference with the values of the normal treatment on the
4th days of treatments. After 8 days of treatments, the total
root length, root surface area, and root volume of both crops
had a significant difference between the N deficiency treatment
and the control, with a decrease of 23.24, 24.45, and 26.56%
in wheat, an increase of 41.57, 38.19, and 33.87% in cotton,
respectively. Compared with the normal N treatment, after 8 days
of treatment, there were an obvious increase on the seminal

root length of wheat and primary root length of cotton under
N deficiency increased by 21.26% and 32.11% in wheat and
cotton, respectively. While only the primary root length of cotton
reached a significant level under N deficiency compared with
the normal N treatment on the 8th day. Effects of N deficiency
were opposite on the lateral root density of the two crops,
with the lateral root density of wheat significantly increased and
the lateral root density of cotton significantly decreased after
8 days of treatment.

Effects of N Deficiency on the Leaf and
Root Physiological Traits of Wheat and

Cotton Seedlings

After 8 days of treatment, the chlorophyll a, chlorophyll b, and
total chlorophyll content were decreased for both crops under N
deficiency compared with the normal N treatment, while only
the chlorophyll a and total chlorophyll content in wheat had
significant difference between the N deficiency and the control
(Table 2). Consumption of oxygen in leaf is also an indicator
for leaf vigor. Compared with the control treatment, there was a
significant decrease (29.81%) of the O, consuming rate in wheat
leaves under N deficiency, while a significant increase (40.47%)
was observed in cotton leaves on the 4th of N deficiency. After
8 days of treatments, the O, consuming rates were decreased by
35.90% and 58.21%, in wheat and cotton, respectively, comparing
with the control treatment (Table 2). One of the major symptoms
of N deficiency was the decrease of photosynthesis. PIaps is
a photosynthesis performance index that reflects the overall
photosynthetic activity of the light reactions of photosystem
IT (PSII). Therefore, the Chlorophyll fluorescence parameter of
PIaps was observed. Compared with the controls, there was a
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FIGURE 1 | Effects of N deficiency on plant growth and development in wheat and cotton seedlings. Different lowercase letters above the bars mean significant
differences between the control and the N deficiency treatment on the same time in wheat and cotton according to the LSD test (o = 0.05).
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TABLE 1 | Effects of N deficiency on the root morphological traits of wheat and cotton seedlings.

Crop DAT (d) Treatments TRL (cm/plant) RSA (cm?/plant) RV (cm®/plant) RAD (mm plant~') SRL/PRL (cm/plant) LRD (No.cm™')
Wheat 4 NN 401.96 + 20.91a 34.61+1.2a 0.24 £+ 0.02a 0.27 £ 0.01a 105.78 £+ 9.84a 6.51 + 1.54a
LN 408.75 £ 57.99a 35.57 £ 4.67a 0.25 £ 0.03a 0.28 £ 0.01a 101.70 £ 9.47a 6.05 +1.13a
8 NN 1232.42 £ 173.05a  97.65 + 11.05a 0.64 + 0.06a 0.86 + 0.08a 142.45 + 9.52a 8.29 + 1.02b
LN 945.95 + 111.17b 73.77 £ 7.96b 0.47 £0.07b 0.76 + 0.03a 172.73 &+ 34.64a 9.65 + 0.23a
Cotton 4 NN 404.36 + 49.41a 45.00 + 5.48a 0.40 + 0.05a 0.35+ 0.01a 23.90 + 1.00a 5.94 + 1.59a
LN 388.24 + 45.44a 44.80 + 468a 0.41 + 0.06a 0.37 + 0.03a 25.98 + 4.39a 573+ 1.19a
8 NN 635.17 + 104.60b 70.10 £9.97b 0.62 + 0.08b 0.35 + 0.01a 24.54 + 3.44b 9.30 + 1.88a
LN 899.24 + 82.29a 96.87 £+ 10.63a 0.83 £ 0.12a 0.34 £ 0.01a 32.42 £ 0.87a 7.00 £0.17b

Different lowercase letters in same column mean significant differences between the control treatment and N deficiency on the same time in wheat and cotton according
to the LSD test (p = 0.05). TRL, Total root length; RSA, Root surface area; RV, Root volume; RAD, Root average diameter; SRL, Seminal root length; PRL, primary root

length; LRD, Lateral root density.

A — —_— 4 Days B —_— w4 Days
A
b N N\ AN
A NN
8 Days
— 8 Days — —
A
NN LN LN
FIGURE 2 | The root morphological traits of wheat (A) and cotton (B) seedlings between normal N (NN) and low N (LN) group after 4 and 8 days of treatment. The
original size of the horizontal scale was 0.3 cm in height and 2.7 cm in width.

TABLE 2 | Effects of N deficiency on the leaf physiological traits of wheat and cotton seedlings.

Crop DAT (d) Treatments Chlorophyll Chlorophyll Total chlorophyll 0O, consuming rate of leaf Plags
a (mg/g) b (mg/g) content (mg/g) (nM/min/g FW)
Wheat 4 NN 1.55 + 0.56a 0.88 +0.73a 2.42 +1.26a 179.75 + 13.54a 3.33 +0.13a
LN 1.34 £ 0.79a 0.88 + 0.96a 221 +1.73a 126.17 £ 20.61b 2.63 4+ 0.12b
8 NN 1.83 +0.32a 0.85 + 0.42a 2.68 +£0.71a 738.12 + 26.27a 3.562 + 0.15a
LN 1.08 £+ 0.34b 0.79 + 0.46a 1.82 £ 0.80b 473.11 £ 83.02b 1.32 £ 0.15b
Cotton 4 NN 0.07 £ 0.01a 0.59 £+ 0.01b 0.67 + 0.01b 483.88 + 50.97b 2.41 4+ 0.30a
LN 0.08 & 0.02a 0.75 £+ 0.02a 0.83 £ 0.03a 679.72 + 79.08a 1.18 £ 0.36b
8 NN 0.13 £ 0.01a 0.71 £0.01a 0.84 + 0.03a 179.14 £ 10.97a 2.37 £ 0.34a
LN 0.12 4+ 0.04a 0.67 + 0.08a 0.79 +0.12a 74.87 +£19.27b 0.32 4+ 0.04b

Different lowercase letters in same column mean significant differences between the control treatment and N deficiency on the same time in wheat and cotton according

to the LSD test (p = 0.05).

significant decrease of PIaps in both crops under N deficiency,
the PIaps was decreased by 21.02 and 62.50%, in wheat; and
it was decreased by 51.04 and 86.50% in cotton after 4 and
8 days of treatments, respectively. With the duration (4-8 days of
treatment) of N deficiency, PIxgs was decreased by 49.81% from
2.63 to 1.32 in wheat, decreased by 72.88% from 1.18 to 0.32 in
cotton (Table 2).

The physiological function of roots was also significantly
impacted by N deficiency, which was evidenced by the change
of root activity and respiration (Figure 3). Compared with the
controls, the root activities were significantly increased after
4 days of N deficiency treatments in both crops. However, after
8 days of treatments, the root activities were changed in an
opposite direction with the value of wheat increased 39.31%
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FIGURE 3 | The effects of N deficiency on root physiological traits of wheat and cotton seedlings. Different lowercase letters above the bars mean significant
differences between the control treatment and N deficiency on the same time in wheat and cotton according to the LSD test (p = 0.05).
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and the value of cotton decreased 97.31% by compared with
the control treatment. Under N deficiency, oxygen consuming
rate in root of wheat was significantly decreased, by 21.19% on
the 4th and 39.35% on 8th days than that of the control. While
compared with the control, the root oxygen consuming rate was
significantly decreased by 64.77% in cotton until the 8th days
of N deficiency.

Effects of N Deficiency on the Expression

of miRNAs in Wheat and Cotton Roots

N deficiency significantly altered the expression of miRNAs.
Different miRNAs responded differently to N deficiency with
a time- and crop-dependent manner (Figure 4). Even a
same miRNA responded differently in different plant species
at the same time point. On the 4th days of N deficiency
treatment, the majority of tested miRNAs were inhibited in
wheat except miR166, miR172, miR393, miR395, miR778, and
miR827. Among all tested miRNAs in wheat, miR156, miR164,
miR167, miR169, miR319, miR390, miR393, miR395 showed
different expression levels after 4 days of N deficiency treatment.
In contrast, most of the tested miRNAs in wheat, were up-
regulated after 8 days of N deficiency treatment, except miR171,
miR172, miR396. Among all tested miRNAs, the expressions of
miR162, miR166, miR319, miR390, miR393, miR395, miR396,
miR399, miR778, miR827, miR847 were significantly altered
in wheat after 8 days of N deficiency, compared with the
control. With the duration of N deficiency, the expressions of
miR165, miR167, miR319, miR390, miR399, miR827, miR847
were significantly higher in wheat roots than that after 4 days of
treatment (Figure 4A).

In cotton, except miR156, miR162, miR393, and miR399, the
majority of tested miRNAs were up-regulated after 4 days of N
deficiency treatment. Among the up-regulated miRNAs, miR172
showed the most up-regulated level by 4.01-folds. miR167,
miR171, miR390, and miR847 were also up-regulated by at least
2-folds after 4 days of N deficiency treatment. After 4 days of
treatments, except miR156, miR160, miR162, miR164, miR165,
miR393, and miR399, the expressions of all tested miRNAs were
significantly difference between the N deficiency treatment and

the control. After 8 days of treatments, except miR162 and
miR393, all tested miRNAs were up-regulated under N deficiency
treatment. Among the up-regulated miRNAs, miR156, miR171,
miR390, miR396 were induced by 66.28, 250.02, 17.57, and
149.74-folds after 8 days N deficiency treatments. In addition,
except miR399, miR778, and miR827, the expression of all tested
miRNAs had a significant difference by comparing with the
control after 8 days of N deficiency treatments. With the duration
of N deficiency treatment, the expressions of miR156, miR160,
miR165, miR171, miR319, miR390, miR396 were significantly
higher at 8 days than that at the 4th days of treatment (Figure 4B).

Effects of N Deficiency on the Expression

of Targeted mRNAs by miRNAs

Not only the expression of miRNAs was affected by N levels
and the treatment period, the expression of their targeted
genes was also obviously affected, and different miRNA targets
responded differently to N deficiency (Figure 5). In wheat, all
tested miRNA targets were down-regulated after 4 days of N
deficiency treatments, except HDZiP, IAR3, bHLH74. Among
the tested miRNA targets, only NACI showed a significant
difference by comparing with the control after 4 days of N
deficiency treatment. After 8 days of treatments, all of tested
miRNA targets were induced by N deficiency treatment; except
IAR3, GRF1, bHLH74, their expressions were significantly higher
in N deficiency treatment than that in the control. With the
duration of the N deficiency, except IAR3, GRF1, bHLH74, and
SPLI, the expressions of all tested miRNA targets had significant
difference after 8 days of treatment compared with after 4 days of
treatment (Figure 5A).

In cotton, except ARFI0, all of tested miRNA targets
were up-regulation after 4 days of N deficiency treatments.
The expressions of NAC1, NFYA, Bhlh74, LACCASE7, SPL3,
AP2 were significantly different between the treatment and
the control after 4 days of N deficiency treatments. After
8 days of N deficiency treatments, except T1R1, all of
tested miRNA targets were up-regulation, and had significant
difference by comparing with the control. Among the up-
regulated miRNA targets, the expression of NAC1 and NFYA
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FIGURE 4 | Expression fold changes of miRNAs after 4 and 8 days of N deficiency treatments in wheat (A) and cotton (B). The different letters above the bars imply
significant differences about expression of MIRNA targets between the 4 and 8 days of N treatment according to the LSD test (P = 0.05). Highly significant difference
between N deficiency and the controls was marked as ** to indicate a p-value < 0.01 and as * to indicate a p-value < 0.05.

were induced by more than 3-folds, the expression of HD
ZiP and Bhlh74 were induced by more than 2-folds after
8 days of N deficiency treatment. Compared the gene
expression between 4 and 8 days treatment, the expressions
of ARF10, NAC1, HDZiP, NFYA, AP2 were significantly
altered (Figure 5B).

The Expression Relationship Between
miRNAs and Their Targets Under N

Deficiency

Generally speaking, the expression of miRNAs had a negative
correlation with the expression of their targeted genes,
because miRNAs regulated plant growth and development
by inhibiting protein translation or degradation of mRNAs.
In a real-world scenario, there was a complicated expression
correlation between miRNAs and their targeted mRNAs. For
example, when secondary reactions or DNA methylation
working, the negative expression correlation between
miRNAs and their targets was disappeared. In order to
reveal the correlation between miRNAs and their targets,
a linear equation was modeled between the fold changes
of 6 tested miRNAs and their targets of both crops from
4 to 8 days under N deficiency. As shown in Figure 6,
negative liner relationships were shown with the equation:
y=-2.4193X + 7.9756 (R* = 0.7166) in wheat, and the equation:
y =-0.1145X + 1.6553 (R? = 0.4013) in cotton, which indicates

a reverse expression correlation existed between the tested
miRNAs and their targeted mRNAs.

DISCUSSION

N Deficiency Differentially Affected
Morpho-Physiological Characteristics of
Shoot and Root in Wheat and Cotton
Seedlings

N as one major type of macro-elements involved in a series of
physiological and biochemical processes in plant, such as gene
expression, metabolism, plant growth, and yield formation (Nava
et al,, 2007; Cunha et al., 2014). Therefore, N deficiency directly
limited the plant growth reflected by change of the plant dry
weight. Photosynthesis is the key process of plant metabolism,
assimilating CO;, and releasing O, at the same time (Kalaji
et al.,, 2014). The chlorophyll a fluorescence parameter was well
correlated with photosynthesis (Heerden et al., 2003; Ripley et al.,
2004). PIpps was decreased notably with the duration of N
deficiency, while only the chlorophyll b and total chlorophyll
content were significantly increased in cotton leaves after 4 days
of N deficiency treatment; the chlorophyll a and total chlorophyll
content were significantly decreased in wheat leaves after 8 days
of N deficiency by comparing with the control (Table 2). The
O, consuming rate in leaves reflected the respiration. When
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the environment was not favorable, the plant would increase demonstrated that root systems could rapidly extend to the deep
its respiration rate to produce more energy to counter the soil for capturing more water and N when facing an abiotic
adverse conditions (Bazzaz, 1979). After 4 days of N deficiency stress condition, such as leaking of water and N (Lynch, 2013;
treatments, the O, consuming rates of both crop leaves had Trachsel etal., 2013; Lynch and Wojciechowski, 2015). Therefore,
an opposite response, with a significantly decline in wheat and  correlations between root morphological characteristics and N
significantly ascent in cotton. However, the O, consuming rates  supply were further studied in this experiment. Although N
of wheat and cotton leaves were significantly decreased with deficiency did not significantly impact the root biomass, an
different degrees after 8 days of N deficiency treatments. obvious effect was observed on the root morphological traits

Plant root system was the important organ for absorbing of wheat and cotton. After 8 days of N treatment, the root
water and nutrient, which can change its three-dimensional ~morphological traits of both corps had an opposite response,
deployment to respond the water and nutrient availability and  with the total root length, root surface area, and root volume
distribution in the soil (Linkohr et al., 2002). Previous studies  significant reduced in wheat and increased in cotton, while lateral
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root density significantly increased in wheat and reduced in
cotton by compared with the controls. In addition, the seminal
root length in wheat and lateral root length in cotton both
obviously increased after 8 days of N treatment (Table 1 and
Figure 2). The results indicated that morphological adaptation
mechanism of plant root to N deficiency varied in monocot wheat
and dicot cotton.

Root respiration was a major trait reflecting the physiological
metabolic capacity of root (Ryan et al., 1996; Wells and Eissenstat,
2002), which involved in the resource acquisition strategies of
root (Han and Zhu, 2021) and provided the driving force for root
growth (Lambers et al., 2008). Jia et al. (2010) proposed that N
fertilization increased fine root respiration rates in Larix gmelinii
(larch) and Fraxinus mandshurica (ash). In our study, the O,
consuming rate was significantly decreased in both wheat and
cotton roots after 8 days of N deficiency treatment, which might
be caused by the soluble sugars deficit (Saglio and Pradet, 1980).
High root respiration usually accompanied with high root activity
(Fontana et al., 2020). A positive relationship of root respiration
and vitality was observed under K™ deficiency in both wheat and
cotton (Fontana et al., 2020; Thornburg et al., 2020). In this study,
root activity and the O, consuming rate showed an opposite
trend in wheat roots; while root activity and the O, consuming
rate had a positive relationship in cotton roots after 8 days of
N treatment (Figure 3). The possible reason may be that root
activity reflected the strength of the whole root metabolism, not
only the respiration but also the absorbing ability, biosynthesis,
and oxidation activity (Liu X. et al., 2009). Root vitality indicated
the activity of root and was the most importance to recognize
the active fine root biomass that was available for uptaking water
and nutrients (Rewald and Meinen, 2013). Combined with root
morphological results, it was possibly deduced that the monocot
wheat adapted the N deficiency by allocating more energy to
nutrient uptake, and the dicot cotton adapted the N deficiency
by allocating more energy to root extension.

Synergistically Regulation of miRNAs
and Their Targets for Root Growth Under
N Deficiency in Wheat and Cotton

miRNAs participated in almost all biological, metabolic
progresses and stress response in plant (Liu et al, 2021).
Therefore, it had become an important modern genetic
manipulation technique to increase crop yield and tolerance
to abiotic stresses. Dicer-like (DCL) proteins regulated by
miR162 in Arabidopsis were key components of small RNA
biogenesis (Moissiard et al., 2007; Mlotshwa et al, 2008;
Liu Q. P. et al, 2009). DCL1 and DCL3 redundantly acted
to expedite Arabidopsis flowering (Schmitz et al, 2007). By
targeting the plant-specific transcription factors TCP (for
TEOSINTEBRANCHED/CYCLOIDEA/PCF), the conserved
miR319 participated in many important progresses of plant
development, including the regulation of cell division, expansion,
and differentiation during leaf development, mitochondrial
biogenesis, floral development, and leaf senescence (Palatnik
et al,, 2003; Schommer et al., 2008; Martin-Trillo and Cubas,
2010). Among plant miRNA genes, 22 families were founded
conserved between the monocots and the dicots (Sorin et al.,

2014). Therefore, the miRNA-mediated mechanism of root
growth and development in monocots and dicots under N
deficiency was investigated in this study. In our previous study,
we found that, except miR399, miR778, miR857, ARF2, and GRE,
almost all tested miRNAs and their targets were up-regulated
with an inhibition of total root growth, primary root growth and
lateral root formation in peanut after 8 days of N deficiency (Li
L. et al, 2021). In this study, we found that miR167, miR319,
miR390, miR827, and miR847 were also induced by more than
2-fold in wheat after 8 days of N deficiency by comparing with
their expression levels at 4 days of N deficiency; we also observed
that N deficiency inhibited the total root growth but promoted
the seminal roots growth and lateral root formation to tolerate
N deficit. In cotton, miR156 and miR396 were up-regulated
by more than 2-folds but miR162 and miR393 were inhibited
at least 2-folds by N deficiency after 8 days of treatment. We
also observed that miR167, miR171, miR172, miR390 were
up-regulated by N deficiency, which enhanced the total root
and primary growth while inhibited the lateral root formation
to adapt to N deficit in cotton (Table 1 and Figures 2, 4).
Thus, the monocots and the dicots had different root regulatory
mechanisms of miRNAs to N deficiency, and miR167 participated
the response to N deficiency in both crops. Li L. et al. (2021)
reported that miR167 participated in the regulation of lateral
root growth under N deficiency and K deficiency treatment
in peanut. With the duration of K deficiency, miR167 was
down-regulated by 2-folds to regulate the root growth in wheat
(Thornburg et al., 2020) and cotton (Fontana et al., 2020).
Therefore, miR167 was involved in regulating the responses
of crops to K deficiency and N deficiency, but significantly
down-regulated under K deficiency conditions and significantly
up-regulated in N deficiency. In Arabidopsis thaliana and Oryza
sativa, miR827 regulated phosphate (Pi) transport and storage
which played major roles in affecting plant growth by targeting
two different types of SPX (SYG1/PHO81/XPRI1)-domain-
containing genes, NITROGEN LIMITATION ADAPTATION
(NLA) and PHOSPHATE TRANSPORTER 5 (PHT5) (Lin et al.,
2010; Azevedo and Saiardi, 2017). Therefore, the phosphate
homeostasis was accelerated in wheat by upregulating miR827
under N deficiency, which may promote seminal root growth
and lateral root development.

Auxin controlled and regulated root development in different
stage to adapt the environment (Lu et al., 2018). At several major
stages of root development, genes involved in auxin signaling
pathway were proved to be the targets of certain miRNAs (Jodder,
2020). Auxin response factors (ARFs) which were a family of
transcription factors (TFs) (Yang et al., 2006), could promote and
regulate auxin responsive genes expression by binding to auxin
response elements (AuxRE) (Guilfoyle and Hagen, 2007). Plants
with reduced levels of ARF10 and ARF16 targeted by miR160c
had shorter and agravitropic roots with enlarged tumor-like apex
(Khan et al.,, 2011). miR167 functioned via targeted the IAA-Ala
resistant3 (IAR3) genes and ARFs, such as ARF6, ARF8, ARF12,
ARF17, ARF25 (Liu et al., 2021), played essential roles in both
reproductive processes and root development in plant (Meng
etal., 2010). Upregulated miR390 produced the ta-siRNA (trans-
acting short-interfering RNAs) by targeting non-coding TAS3
precursor RNA, then cleaved the ARFs (ARF2/3/4) to promote
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the lateral root growth (Williams et al., 2005; Cabrera et al., 2016).
In addition, miR393 also participated in auxin signaling pathway
by targeting the auxin receptors, auxin F-box protein 1, 2, 3
(AFB1/AFB2/AFB3), and transport inhibitor response-1(TIRI)
(Jodder, 2020), therefore functioned in leaf and root development
(Chen et al., 2010; Si-Ammour et al., 2011; Chen et al., 2012).
Plants with low expression of miR164 produced more lateral
roots by targeting the NAC family (Guo et al., 2005), while NAC1
acted as the downstream of TIRI to transmit the auxin signals
(Xie et al., 2000). miR847 upregulated auxin signaling to mediate
lateral organ development by cleaving the auxin/indole acetic
acid (Aux/TAA) repressor-encoding gene IAA28 in Arabidopsis
(Wang and Guo, 2015). In this study, the expression levels of
miR160, miR164, miR167, miR390, miR393, and miR847 were
up-regulated in wheat after 8 days of N deficiency treatments
(Figure 4A). Therefore, the increased lateral root density may
be the subtle balance of activator and repressor ARF transcripts
in wheat under N deficiency. In cotton, the expression levels
of miR160, miR164, miR167, miR390, miR393, and miR847
were up-regulated after 8 days of N deficiency treatments
(Figure 4B). The decreased lateral root density may also be
the subtle balance of activator and repressor ARF transcripts in
cotton under N deficiency. Therefore, the networks regulated
by miRNAs exited an interaction during root development, but
the monocots and the dicots executed different root regulatory
mechanisms of miRNAs.

Among the targets of miRNAs, approximately 66% were
TFs (Tang and Chu, 2017). For example, the well-conserved
miR156 regulated plant development by targeting SPL TFs
(Schwab et al., 2005; Axtell and Bowman, 2008); one group of
SPL genes including SPL3, SPL9, and SPL10 were participated
in the inhibition of lateral root growth (Yu et al, 2015).

Previously research found SPL9, SPL10 promoted the expression
of miR172 (Wu et al,, 2009), whose family members played
functional specificity in regulating stem elongation, meristem
size, shoot branching, trichome initiation, and floral competence
(Lian et al,, 2021). Yu et al. (2015) unraveled the role of
miR156/SPLs modules in lateral root formation in Arabidopsis.
In addition, plants with high expression of miR156 reduced
meristem size, resulting in shorter primary root (Barrera et al.,
2020). In this study, the expression level of miR156 had no
significant change in wheat after 8 days of N deficiency by
compared with the control treatment (Figure 4A). The class
III HOMEODOMAIN-LEUCINE ZIPPER (HD-ZIP III) was
negatively restricted by miR165/166, and overexpression of
miR165/166 not only regulated the root radial patterning but
also increased primary root length by regulating the meristematic
activity (Carlsbecker et al,, 2010; Singh et al., 2014). In this
research, the expression levels of miR165 and miR166 were
both up-regulated, but less than 2-fold on the 8th day of N
deficiency by compared with the control treatment. The seminal
root length in wheat increased but had no significant difference
by comparing with the control treatment on the 8th day of N
deficiency (Table 1 and Figures 2, 4A). Thus, we concluded
that the miR165/166-HD-ZIP III module participated in the
seminal root growth in wheat (Figure 7A). In cotton, the
expression level of miR156 was significantly upregulated with
longer primary root, lower lateral root density after 8 days of N
deficiency (Table 1 and Figures 2, 4B). So, we could know the
overexpression of miR156 inhibited the lateral root formation
in cotton (Figure 7B). miR171 was proved to regulate primary
root elongation through manipulating the quiescent centre and
by targeting SCARECROW-LIKE6-II (SCL6-II), SCL6-III and
SCL6-1V in Arabidopsis under N starvation (Wang et al., 2010;

A
/,/”\ ARF¢/IAR; — miR167 1§
# f { Lateral root ~—  ARFs  |— miR390 1
IAA28  |— miR847
e { Seminal root ~— HD-ZIP Il —miR165/ 166 |
B

FIGURE 7 | The potential miRNAs-mediated mechanism for root growth in wheat (A) and cotton (B) by controlling the expression of protein-coding genes under N
deficiency. The green arrow and red arrow represent the upregulated and downregulated expression of miRNAs, respectively.
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Zhou et al, 2015; Yan et al, 2022). In Medicago truncatula
and Arabidopsis, miR396 targeting GRFs impeded primary root
growth by regulating cell division (Bazin et al., 2013; Rodriguez
et al., 2015; Yan et al,, 2022). In this manuscript, the expression
levels of miR171, miR396 had significantly upregulated above 2-
fold on the 8th day of N deficiency by comparing with the 4th day
of N deficiency in cotton (Figure 4B). Therefore, the promotion
of primary root development may be related to miR171 and
miR396 regulation models (Figure 7B).

CONCLUSION

Under N deficiency treatment, the root dry biomass had no
significant change, but the total root growth was inhibited in
wheat and promoted in cotton. In addition, the lateral root
density was increased in wheat and declined in cotton, while
seminal root length in wheat and primary root length were
both increased after 8 days of N treatments. Furthermore, the
miRNA-mediated mechanisms were different under N deficiency
in monocot and dicot, In wheat, overexpression of miR167,
miR319, miR390, miR827, miR847, and miR165/166 coacted to
inhibit the total root growth but promote the seminal roots
growth and lateral root formation to tolerate N deficit. In cotton,
overexpression of miR156, miR167, miR171, miR172, miR390,
and miR396 and reduced expression of miR162 and miR393
combinedly worked to enhance the total root and primary growth
and to inhibit the lateral root formation to adapt to N deficit.
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