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ABSTRACT 

Here, we analyzed whether the microRNA (miRNA) expression levels differ between maize inbred lines B73 and Mo17 
and their reciprocal hybrids under salt and drought stress. We found that miR156, miR164, miR166, miR168, miR171 
and miR319 are differentially expressed under abiotic stress. Interestingly, Mo17 × B73 showed the strongest change in 
miRNA expression in response to salt or drought stress, and was also the most resilient line when under abiotic stress in 
terms of water loss. In summary, our findings open the possibility that differential miRNA expression levels might be 
involved in heightened stress tolerance in maize hybrids. 
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1. Introduction 

MicroRNAs (miRNAs) are non-coding RNAs appro- 
ximately 20-24 nucleotides in length that act as negative 
post-transcriptional regulators [1,2]. In plants, single- 
stranded primary miRNAs are transcribed from miRNA 
loci and are processed by Dicer-like 1 (DCL1) to yield 
mature single-stranded miRNAs, which are loaded into 
the RNA-induced silencing complex (RISC). miRNA- 
loaded RISC targets cognate transcripts and induces their 
cleavage [3]. 

To date, about 1000 miRNAs have been identified in 
various plant species, with 20 miRNA families that are 
well conserved between dicots and monocots [4]. As one 
of the world’s most important crop species, significant 
progress has been made in characterizing and analyzing 
miRNAs in the maize (Zea mays) genome [5,6]. While a 
significant proportion of known miRNA target genes 
regulates plant development [1,7,8], recent studies have 
shown that miRNAs are also involved in abiotic and bi-
otic stress responses [2,9]. Abiotic stress, in particular 
drought and salt stress, is a significant yield-limiting 
factor for agriculture in many regions of the world. Thus, 
understanding plant responses to abiotic stress is vital for 
improving crop productivity. It is well documented that 

the F1 hybrid progeny of inbred parental lines shows 
superior performance and stress tolerance compared to 
either parent [10-12]. This effect is called heterosis and is 
widely exploited in plant breeding. In the present study, 
we determined whether seedlings of maize inbred lines 
B73 and Mo17 and their reciprocal F1 hybrids show dif-
ferential miRNA expression patterns in response to salt 
and drought stress and whether heightened stress toler-
ance in F1 hybrids correlates with changes in miRNA 
abundance. 

2. Materials and Methods 

2.1. Plant Material and Stress Treatment 

Seeds of maize (Zea mays) inbred lines B73 and Mo17, 
and their reciprocal hybrids B73 × Mo17 and Mo17 × 
B73 were individually planted in pots containing a 3:2 
soil:vermiculite mixture. Plants were grown under con-
trolled environmental conditions (15 h light/25℃, 9 h 
dark/20℃) in a growth room, and watered with 0.7 mM 
Ca(NO3)2 for 13 days. Salt or drought stress treatments 
began at the onset of day 14 by either watering with 200 
mM NaCl, or by carefully removing plants from potted 
soil and dehydrating them on filter paper following previ-
ously described methods [13]. Control plants continued to 
grow in pots watered with 0.7 mM Ca(NO3)2. Stress *These authors contributed equally to this work. 
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treatment lasted for 24 h, after which all stress- treated and 
control seedlings were harvested, separated into shoots 
and roots and stored at –80℃. Each treatment was set up 
in three replicates with five to seven seedlings per geno-
type each. 

Water content of 14-day-old shoot tissues was assayed 
by measuring fresh and dry weight of shoots of salt- 
treated, drought-treated, and control seedlings at 0, 2, 12, 
and 24 h after onset of treatment following previously 
described methods [14]. 

2.2. RNA Isolation and Northern Blot Analysis of 
miRNA Expression 

Total RNA was extracted using TRIzol reagent (Invitro- 
gen). Northern blot analysis of miRNA was performed as 
described [15]. Briefly, 20 μg of total RNA was loaded 
per lane and resolved on a denaturing 12% polyacryla-
mide gel, electrophoretically transferred to Hybond-N+ 
membranes (GE Healthcare) and UV cross-linked. We 
selected one miRNA each of 20 miRNA families that 
were known in maize at the time of this study (miR156, 
miR159, miR160, miR162, miR164, miR166, miR167, 
miR168, miR169, miR171, miR172, miR319, miR390, 
miR393, miR394, miR396, miR397, miR398, miR399, 
miR408. Membranes were hybridized with DNA oli-
gonucleotide probes end-labeled with γ-32P-ATP, which 
were comple- mentary to the mature miRNA sequences. 
Membranes were exposed on BioMax MR film (Kodak) 
for 18 h, which were scanned to quantify miRNA abun-
dance using ImageJ [16]. tRNA was used for normaliza-
tion. Only those six miRNAs that showed a change in 
expression level of 25% or more in at least one compari-
son between different genotypes and treatments were 
included in our subsequent analyses and are shown; 

miR172 was included as a representative example of a 
miRNA that was not responsive to the stress treatment in 
this study (Table 1). Due to the technique chosen, calcu-
lating statistically significant differences for miRNAs 
was not possible here. 

2.3. Real-Time Quantitative PCR Analysis of 
miRNA Target Gene Expression 

Aliquots of TRIzol-purified total RNA used for northern 
blots were reverse transcribed using RETROscript kit 
(Ambion). After DNase treatment, miRNA target gene 
expression was determined by quantitative real-time PCR 
on an ABI 7900HT real-time PCR system (Applied Bio-
systems) using Quantitect SYBR Green PCR kit (Qiagen). 
To ensure quantification of only 3’ cleavage products of 
microRNA target genes, primers for target genes were 
designed such that they either span the miRNA cleavage 
site or are downstream from it [17]. 18S rRNA served as 
reference gene. Quantification of gene expression was 
performed by 2-C

T method [18]. All reactions were per-
formed in duplicates for three biological replicates. The 
results are shown by their mean ± standard deviation 
(S.D). Fisher’s exact test was used to test for statistical 
significance in the statistical software package R. We 
used the mRNA medium expression values of three bio-
logical replicates for control and treated tissue and used 
the non-treated control tissue to determine the standard 
expression value. The two-dimensional contingency ma-
trix consisted of conditional expression values and stan-
dard expression values. Using 0.05 as significance level 
(FDR = 0.01), all testing pairs with a p-value less than 
0.05 were considered significant (only statistically sig-
nificant comparisons within the same treatment group are 
marked with an asterisk). 

 
Table 1. Probes and forward and reverse primers used in northern blots and qrt-pcr. 

miRNA Probe Target Gene Primer 

miR156 TGTGCTCTCTCTCTTCTGTCA SPL5 TGATGAACTGATGCGGTGTCAGGAG 

   TTAATGCATCGCGAGCAAAGTCCAC 

miR164 TGCACGTGCCCTGCTTCTCCA NAC1 TCGTGGACCTCAGCTACGACGACAT 

   GGAGACGCGAAGAGCGAGGAGTAGA 

miR166 GGGGAATGAAGCCTGGTCCGA RLD1 ACCAAGCTGTAGCGTGGAAGGTGCT 

   TGCATGCAACATATGCCTTTTGTCA 

miR168 GTCCCGATCTGCACCAAGCGA AGO1 TTGCTCCCATCTGCTACGCACATCT 

   CACGGCTCAGCAAAAGAACATCGAG 

miR171 GATATTGGCACGGCTCAATCA SCL1 CAGTCAGCTTGTGCTTCTGCGAGGT 

   CACTAACGCGGATGCTGCCAGTAAG 

miR172 ATGCAGCATCATCAAGATTCC GL15 AAGTGACGCGTCCTCTGTGCTTCTG 

   TAGCTCTGGGCATCGAAGTTGGTCA 

miR319 GGGAGCACCCTTCAGTCCAA TCP1 AGGGCAGGAGCTGATTGCACATTCT 

   TCTGACAAGTCGTCACCGCAACAAA 
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3. Results 

3.1. Effect of Salt and Drought Stress on Water 
Content of Maize Seedlings is Different   
between Parental Inbred and F1 Hybrid 
Lines 

The response of 14-d-old maize seedlings toward salt and 
drought stress was determined by assaying the water 
content of leaves of stress-treated and control seedlings. 
In comparison to control plants, both salt and drought 
treatments elicited a decrease in water content (Figure 1). 
We found that while the water content of drought- 
stressed plants continued to decrease over time, the water 
content of salt-stressed plants increased after reaching a 
minimum at 12 h. Furthermore, we observed a differential 
response to salt and drought stress when parental inbred 
lines B73 and Mo17 and their reciprocal hybrids B73 × 
Mo17 and Mo17 × B73 were compared. 

Under both salt and drought stress, the hybrid lines 
lost less water across all surveyed time points than their 
inbred parental lines (Figure 1). Taken together, these 
observations suggest that the chosen treatment regimen 
elicited a significant stress response in both inbred and 
hybrid lines and that the hybrid lines were more resilient 
to salt and drought stress than their parental inbred lines. 

3.2. miRNAs are Differentially Expressed in  
Parental and Hybrid Lines in Response    
to Abiotic Stress 

To determine whether abiotic stress elicits differential 
expression levels of miRNAs between inbred and hybrid 
lines, we conducted northern blot analyses (Figure 2A). 
We calculated the fold change for each miRNA in re-
sponse to salt or drought stress relative to non-stressed 
control plants (Figure 2B) and included only those 
miRNAs in our subsequent analyses that showed a 
change of at least 25% in one or more comparisons (see 
Materials and Methods). We found that the miRNAs 
surveyed can be either up- or downregulated in response 
to salt or drought stress and that they showed the same 
qualitative change in response to either abiotic stress. 
The only exception was miR319, which was not respon-
sive to salt stress in Mo17 × B73 but was slightly 
upregulated under drought. We found that miR156 and 
miR166 displayed the strongest response to abiotic stress 
in the inbred lines. Interestingly, miR156 only changed 
expression in response to drought in B73, whereas 
miR166 showed a 1.4-fold expression change in response 
to both abiotic stresses in B73. 

We detected distinct differences in the expression level 
of miRNAs between inbred and hybrid lines. For exam-
ple, salt or drought stress induced only a modest upregu-
lation of miR156 and miR166 in B73 and Mo17, but led 

 

Figure 1. Water content of maize inbred (B73, Mo17) and 
hybrid lines (B73 × Mo17, B × M and Mo17 × B73, M × B) 
at distinct time points in hours (h) after onset of salt or 
drought stress and in non-stressed control plants. 

 
to an almost 2.5-fold upregulation for miR156 and a 
1.8-fold upregulation for miR166 under both salt and 
drought stress in the Mo17 × B73 hybrid, which is out-
side of the parental range (Figure 3). Interestingly, Mo17 
× B73 not only showed the strongest change in miRNA 
expression in response to salt or drought stress, but was 
also the most resilient line when under abiotic stress in 
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terms of water loss (Figure 1). In contrast, the reciprocal 
hybrid B73 × Mo17 showed a modest increase that was 
close to the range found in the parental inbred lines. Even 
though miR164, miR171 and miR319 showed differen-
tial expression in the absence of abiotic stress (Figures 
2(a), (b)), they only displayed modest differences be-
tween inbred and hybrid lines in the presence of salt or 
drought stress (Figure 3). Interestingly, abiotic stress 
induced downregulation of miR171 and miR319 in Mo17 
and B73 × Mo17 when compared to B73 and Mo17 × 
B73, which might indicate parental effects. The other 14 
miRNAs we examined were not responsive to salt or 
drought stress or showed no differential stress response 
between inbred parents and hybrid offspring. 

Taken together, our results show that miRNAs in 
maize respond differentially to abiotic stress depending 
on whether they reside in an inbred or hybrid genome. 

3.3. Expression Pattern of miRNA Target Genes 

To determine the expression level of miRNA target 
genes in maize, one bona fide target of each miRNA was 
selected based on previously validated target genes in 
maize or homology to validated targets in other plant 
species. Previous studies confirmed that homologous 

genes are targeted by the respective miRNAs in other 
plant species such as Arabidopsis, including the squamosa 
promoter binding protein-like transcription factor SPL4 
(homologue of maize SPL5) for miR156 [19], NAM/ 
ATAF/CUC (NAC) domain-encoding gene NAC1 for 
miR164 [20], the PHABULOSA gene (homologue of 
maize rolled leaf1) for miR166 [21], ARGONAUTE 1 
(AGO1) gene for miR168 [22], Scarecrow-like transcrip-
tion factor 1 (SCL1) for miR171 [23], the APETALA2- 
like gene glossy15 (GL15) for miR172 [24], and the TCP 
(TEOSINTE BRANCHED/CYCLOIDEA/PCF) transcrip-
tion factor 1 (TCP1) for miR319 [25]. 

As with miRNA accumulation, we determined the fold 
change of the target genes in each line of stress-treated 
plants relative to controls (Figure 3). Apart from a few 
exceptions, we found that the expression changes of most 
target genes were statistically significant when compared 
to controls. Furthermore, we observed that most differ-
ences in expression levels between inbred and hybrid 
lines under stress conditions were statistically significant, 
as were a large number of comparisons among hybrid 
lines (Figure 3). Some genes showed a more dramatic 
response to abiotic stress than the miRNA targeting them. 
For example, NAC1 was upregulated over five fold,  

 

 
(a)                                                     (b) 

Figure 2. Northern blots for miRNAs in response to salt and drought stress and non-stressed control plants in maize inbreds 
B73, Mo17 and hybrids B73 × Mo17 (B × M), Mo17 × B73 (M × B). (b) Relative miRNA expression level in non-stressed con-
trol plants calculated from northern blot assays (a). miR172 is shown as an example for a miRNA that did not show a differ-
ential response to stress treatment. 
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Figure 3. miRNA expression change determined by northern blots (left panel) and miRNA target gene expression changes 
determined by qRT-PCR (right two panels) in response to salt and drought stress relative to non-stressed control plants in 
maize inbreds B73, Mo17 and hybrids B73 × Mo17 (B × M), Mo17 × B73 (M × B). p < 0.05 was considered significant and is 
indicated by an asterisk. miR172 is shown as an example of a miRNA that did not respond differentially to stress. 
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whereas its cognate miR164 showed only modest 
changes (Figure 3). In general, all miRNA-target gene 
pairs studied showed opposite expression patterns in re-
sponse to abiotic stress, confirming the role of miRNAs 
as negative regulators. However, miR172, which showed 
no significant differential expression across inbred and 
hybrid lines in the absence or presence of stress (Figure 
2), displayed a remarkable contrast to its target gene, 
GL15, which was strongly downregulated in response to 
drought, but not salt (Figure 3). 

Taken together, the target gene expression patterns we 
observed in maize inbred and hybrid lines in response to 
abiotic stress corroborate our finding that stress-respon-
sive miRNAs show differential expression in inbred and 
hybrid lines. 

4. Discussion 

In addition to being key regulators in several develop-
mental pathways in plants, there is increasing evidence 
that miRNAs are implicated in other mechanisms such as 
plant adaptive response to stress or environmental 
changes [9]. Besides specific miRNAs whose target 
genes are involved directly in stress responses, such as 
miR398, which targets Cu/Zn superoxide dismutases 
important for oxidative stress tolerance [26], the expres-
sion of many highly conserved plant miRNAs has been 
found to be responsive to various abiotic stresses such as 
dehydration and ABA treatments in Arabidopsis [27], 
cold stress in poplar [17], salt and drought stress in rice 
[28,29], and salt stress in maize roots [30]. 

Here, we provide evidence that miRNAs show a dif-
ferential expression pattern in more stress-tolerant maize 
hybrids compared to less stress-tolerant inbred lines. 
Apart from miR168, which targets AGO1, the core 
component of RISC [31], all other miRNAs surveyed 
have highly conserved roles in important overlapping 
plant developmental processes: miR156 [19], miR166 
[20], and miR171 [23] are involved in leaf and shoot 
development, miR172 in flower development [32], and 
miR164 [21] and miR319 [25] in hormone signaling. It is 
well-documented that abiotic stress elicits large-scale 
transcriptome responses in maize of early acting genes 
involved in the immediate sensing and responding to 
stress, and of genes that produce long lasting effects by 
targeting growth and developmental processes [33]. 
miRNAs and their regulation of plant development are an 
important component of stress responses, because plants 
not only have to respond to stress to survive, but also 
undergo developmental reprogramming for continued 
productivity [30,34]. 

miRNAs are generally considered as negative post- 
transcriptional regulators of gene expression [1,2]. Our 
findings corroborate this hypothesis, showing that direc-

tions of stress-induced change in specific miRNA accu-
mulation and target gene expression were opposite of 
each other (Figure 3). The only exception among the 
miRNAs studied here was miR168, which targets AGO1. 
The expression level of miR168 and AGO1 showed a 
parallel, and not an opposite pattern (Figure 3). This can 
be explained by a previously described transcriptional/ 
translational feedback loop between miR168 and AGO1 
expression [31], in which MIR168 and AGO1 are 
co-regulated on a transcriptional level, and AGO1 aids in 
posttranscriptional stabilization of miR168. 

In addition, GL15, the target gene of miR172, dis-
played a uniform decrease in response to abiotic stress, 
while miR172 was non-responsive to either salt or 
drought stress. Prior studies have shown that miR172 
acts at the translational level to suppress GL15 protein 
production, instead of causing the cleavage of its mRNA 
[32]. Therefore, the accumulation of miR172 and mRNA 
of GL15, which is the maize homolog of APETALA2, 
have no correlation with each other (Figure 3). 

Even though our results largely confirm the findings of 
recent studies aimed at characterizing the response of 
miRNAs and their target genes to salt and drought stress 
[28,30,35], our findings show that miRNA response to 
abiotic stresses can differ dramatically between plant 
species and inbred parental and their hybrid offspring 
lines. For example, whereas miRNA156 has been shown 
to be strongly downregulated upon drought and salt 
stress in rice [28], Ding et al. [30] reported less dramatic 
changes in response to salt in maize inbred lines NC286 
and Huangzao4. We found that miR156 shows relatively 
small changes in response to salt stress in the inbred lines 
B73 and Mo17, but is dramatically upregulated in their 
reciprocal hybrids (Figure 3). Furthermore, whereas 
miR171 was downregulated under salt and drought stress 
in rice [28], it was upregulated under similar conditions 
in Arabidopsis [35]. Here, we observed that both miR171 
and its target gene SCL1 can be either up- or downregu-
lated under salt and drought stress, depending on the 
maize line used. These examples illustrate that the re-
sponses of individual miRNAs and their target genes to 
stress cannot only differ among plant species, but also 
between different genetic lines of the same species. 

In summary, we found that miRNAs show differential 
responses to abiotic stress in maize inbred and hybrid 
lines, which opens the tantalizing possibility that miRNAs 
might be involved in the superior performance of hybrid 
lines. This would have a significant impact on recent 
approaches aimed at using miRNAs to increase crop 
yields [36]. 
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