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Abstract: DOUBLE-STRANDED RNA BINDING (DRB) proteins DRB1, DRB2, and DRB4 are essential
for microRNA (miRNA) production in Arabidopsis thaliana (Arabidopsis) with miR160, and its target
genes, AUXIN RESPONSE FACTOR10 (ARF10), ARF16, and ARF17, forming an auxin responsive
miRNA expression module crucial for root development. Methods: Wild-type Arabidopsis plants
(Columbia-0 (Col-0)) and the drb1, drb2, and drb12 mutants were treated with the synthetic auxin
2,4-dichlorophenoxyacetic acid (2,4-D), and the miR160-mediated response of these four Arabidopsis
lines was phenotypically and molecularly characterized. Results: In 2,4-D-treated Col-0, drb1 and drb2
plants, altered miR160 abundance and ARF10, ARF16, and ARF17 gene expression were associated
with altered root system development. However, miR160-directed molecular responses to treatment
with 2,4-D was largely defective in the drb12 double mutant. In addition, via profiling of molecular
components of the miR160 expression module in the roots of the drb4, drb14, and drb24 mutants, we
uncovered a previously unknown role for DRB4 in regulating miR160 production. Conclusions: The
miR160 expression module forms a central component of the molecular and phenotypic response
of Arabidopsis plants to exogenous auxin treatment. Furthermore, DRB1, DRB2, and DRB4 are
all required in Arabidopsis roots to control miR160 production, and subsequently, to appropriately
regulate ARF10, ARF16, and ARF17 target gene expression.

Keywords: Arabidopsis thaliana (Arabidopsis); root development; microRNA160 (miR160); miR160
expression module; AUXIN RESPONSE FACTOR10 (ARF10); ARF16; ARF17; synthetic auxin

1. Introduction

The AUXIN/INDOLE-3-ACETIC ACID (Aux/IAA), TRANSPORT INHIBITOR RE-
SPONSE (TIR), and AUXIN RESPONSE FACTOR (ARF) gene families form the three main
gene families that direct the molecular responses of Arabidopsis thaliana (Arabidopsis) to
auxin signaling and the intracellular perception of auxin [1–5]. ARF function is repressed
in the absence of auxin by their interaction with specific members of the Aux/IAA protein
family [2–4]. The ARF protein family contains 23 members in Arabidopsis, of which five
function as transcriptional activators, with the remaining 18 functioning as transcriptional
repressors [2]. The transcription factor function of each ARF is determined by three regions
of each protein, including the N-terminal DNA-binding domain (DBD), an activator (AD) or
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repressor domain (RD) positioned in the central region of the protein, and the dimerization
domain (CTD) located at the C-terminal region [6,7]. The CTD facilitates the formation
of ARF:Aux/IAA heterodimers, and directs the ARF:ARF dimerization required for the
transcription factor function of each ARF [6–8]. The DBD mediates the interaction of ARF
protein dimers with the promoter of each AUXIN RESPONSE GENE (ARG), where the AD
or RD locate the cis-acting AUXIN RESPONSE ELEMENTs (AREs) to direct either ARG
transcription activation or repression [6,7].

Through transcriptional control of ARG activity, ARFs play numerous and functionally
diverse roles in plant development. For example, ARF5 and ARF7, both transcriptional
activators, are major players in embryonic patterning [9]. Furthermore, ARF5, independent
of ARF7, regulates primary root initiation [10]. This underlines the importance of ARFs
from the earliest stages of plant development. In addition, ARF1 and ARF2 exemplify the
importance of ARF-directed regulation of ARG expression throughout Arabidopsis develop-
ment, as they function together to regulate leaf senescence and floral organ abscission [11],
processes important for the later stages of vegetative development, and ultimately, the
final stage of the Arabidopsis life cycle, reproduction. Given their importance in Arabidopsis
development, it is unsurprising that several ARF gene family members are themselves
under additional regulation at the molecular level. Specifically, (1) microRNA160 (miR160)
post-transcriptionally regulates ARF10, ARF16, and ARF17 expression [12,13]; (2) miR167
controls ARF6 and ARF8 transcript abundance [14,15]; and (3) ARF2, ARF3, and ARF4
are regulated at the posttranscriptional level by tasiARF, a trans-acting small-interfering
RNA (tasiRNA) [16]. The small RNA (sRNA)-regulated ARF genes in each of the regu-
lated subclades show a close phylogenetic relationship and those within each subclade
have closely related functions. For example, ARF2, ARF3, and ARF4 all function to de-
termine the polarity of leaves or other organs [11,17]. The two miR167 targets, ARF6
and ARF8, have an even closer relationship, functioning redundantly in regulating flower
maturation [14,17,18]. The miR160-regulated family members, ARF10, ARF16, and ARF17,
play a role in regulating root cap development, lateral root primordia formation, and
root growth [12,13]. The ARF10 and ARF16 proteins function either in concert with each
other or redundantly, to control root development [13]. ARF17 encodes a protein that is
truncated at its C-terminus [2], which likely accounts for its functional divergence from
ARF10 and ARF16.

Like miR160 and miR167, numerous other miRNAs play central roles in regulating the
expression of developmentally important genes in Arabidopsis [19–21]. Each miRNA is pro-
cessed from a stem-loop structured double-stranded RNA (dsRNA) precursor by the RNase
III-like endonuclease DICER-LIKE1 (DCL1) in conjunction with a dsRNA BINDING (DRB)
protein. Arabidopsis encodes five DRBs, of which DRB1 functions with DCL1 to produce
most Arabidopsis miRNAs [22–24]. Specifically, DRB1 positions DCL1 on the stem-loop of
the miRNA precursor to ensure accurate processing [25–27]. miRNA production via the
DRB1/DCL1 functional partnership occurs via a two-step process: (1) DCL1 cleaves off the
unpaired 5′ and 3′ regions of the primary-miRNA (pri-miRNA) to leave only the stem-loop
structured region termed the precursor-miRNA (pre-miRNA); and (2) DCL1 next removes
the loop and part of the stem arms of the pre-miRNA to liberate the miRNA/miRNA*
duplex [23,25–27]. DRB1 then orientates the miRNA/miRNA* duplex for its directional
loading into the ARGONAUTE1 (AGO1) endonuclease for AGO1-catalyzed cleavage of the
miRNA* passenger strand [28]. AGO1 retains the miRNA guide strand to form the miRNA-
induced silencing complex (miRISC), which directs the expression regulation of target gene
transcripts that have high sequence complementarity to the loaded miRNA [29–32].

While DRB1 is the primary DRB protein involved in miRNA production in Arabidopsis,
two other DRB proteins, DRB2 and DRB4, also play roles in miRNA production [33–36].
DRB4 interacts with DCL4 to process the non-conserved (or newly evolved) subclass of
Arabidopsis miRNAs from highly structured stem-loop precursors which have extensive
dsRNA base-pairing between the two stem arms and minimal loop regions, structural
features recognized by DRB4 [28,33,34]. Like DRB1 and DCL1, DRB4 accurately positions
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DCL4 on these specifically structured precursors to ensure efficient processing of the non-
conserved miRNA subclass [33,34]. Unlike DRB1 and DRB4, which interact exclusively with
DCL1 and DCL4, respectively, DRB2 appears to be able to functionally interact with both
DCL endonucleases, with this DRB2 interaction likely disrupting the canonical DRB1/DCL1
and DRB4/DCL4 functional partnerships [28,34–37]. However, the involvement of DRB2 in
miRNA production in Arabidopsis is limited to specific miRNA subsets due to the expression
of DRB2 being restricted to developmentally important tissues [35–38].

In this study, we investigated the roles of DRB proteins in the miR160/ARF10/ARF16/
ARF17 expression module in Arabidopsis root system development following the application
of the synthetic auxin 2,4-dichlorophenoxyacetic acid (2,4-D). We first examined the pheno-
typic changes of wild-type Arabidopsis plants (ecotype Columbia-0 (Col-0)) and the drb1,
drb2, and drb12 mutants, and studied the expression profiles of the various components in
the miR160 expression module after 2,4-D treatment. These experiments revealed altered
miR160 accumulation and ARF10, ARF16, and ARF17 gene expression in Col-0, drb1, and
drb2 plants after 2,4-D treatment, molecular changes which were associated with the altered
root system development observed in these three Arabidopsis lines. However, such molecu-
lar and phenotypic responses to 2,4-D were largely defective in the drb12 double mutant.
In addition, molecular profiling of all components of the miR160 expression module in
the drb4, drb14, and drb24 mutant backgrounds revealed a previously unknown role for
DRB4 in supplying an additional layer of regulatory complexity to the miR160 expression
module. Together, our results show that DRB1, DRB2, and DRB4 all play a role in regulating
miR160 production to subsequently ensure tight control of miR160-directed regulation of
ARF10, ARF16, and ARF17 expression, and to thus guarantee normal development of the
Arabidopsis root system.

2. Materials and Methods
2.1. Plant Lines, Growth Conditions, and Phenotypic Assessments

The Arabidopsis thaliana (Arabidopsis) ecotype Columbia-0 (Col-0) was used as the wild-
type control for all experiments and the drb single mutants, drb1-1 (drb1; SALK_064863), drb2-
1 (drb2; GABI_348A09), and drb4-1 (drb4; SALK_000736), which harbor a T-DNA insertion
mutation in the DRB1 (AT1G09700), DRB2 (AT2G28380), and DRB4 (AT3G62800) locus,
respectively, are also in the Col-0 background, and have been described previously [28,34,38].
The double mutant lines used in this study, specifically the drb1-1 drb4-1 (drb14), and drb2-1
drb4-1 (drb24) double mutants, were generated via standard genetic crossing [34,35,37,38].
Seed sterilization, stratification, and germination, and subsequent plant growth were exactly
as described in our previous study [39]. At day 10, healthy Col-0, drb1, drb2, and drb12
seedlings were transferred to fresh MS growth medium which had been supplemented
with either 0.0 (untreated controls), 0.1, or 1.0 micromolar (µM) of 2,4-D (Sigma Aldrich,
Melbourne, Australia). Post seedling transfer, medium plates were resealed with gas
permeable tape and returned to the temperature-controlled growth cabinet for 24 h. The
0.0, 0.1, and 1.0 µM 2,4-D treated seedlings were next transferred to fresh MS medium
plates which contained standard plant growth medium; the plates were sealed with gas
permeable tape, and then returned to the temperature-controlled growth cabinet. For
this third period of cultivation, the plates were orientated vertically for a 10-day period
under standard Arabidopsis growth conditions [39]. To investigate the potential regulatory
involvement of DRB4 in the miR160 expression module, Col-0, drb4, drb14, and drb24
seeds were sterilized, stratified, and cultivated on horizontally-orientated medium plates
for a 10-day period, as outlined above for the other lines. At day 10, healthy seedlings
were selected for transferal to fresh MS medium plates; the plates were sealed with gas
permeable tape, and then returned to the temperature-controlled growth cabinet where
they were orientated vertically for a further 11-day cultivation period under standard
Arabidopsis growth conditions, as outlined in [39]. This additional day of cultivation
post seedling transfer was included so that all the phenotypic and molecular analyses
performed in this study were conducted on 21-day-old plants. At day 21, images of each
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of the seven Arabidopsis lines under assessment were captured and processed exactly as
outlined in our previous study [39].

2.2. RNA Extraction, Complementary DNA Synthesis, and Gene Expression Analysis

For the molecular assessments, total RNA was extracted from three biological repli-
cates of pooled root material sampled from six 21-day-old vertically grown seedlings of
the plant lines Col-0, drb1, drb2, drb4, drb12, drb14, and drb24, using TRIzolTM Reagent
according to the protocol of the manufacturer (Thermo Fisher Scientific, Sydney, Australia).
The synthesis of a miR160-specific complementary DNA (cDNA), or the synthesis of a
high molecular weight cDNA library, was performed exactly as outlined in our previous
study [39]. The quantification of miR160 abundance or the expression of each assessed
gene was also conducted exactly as outlined in our previous study [39]. miR160 abun-
dance and gene transcript expression were quantified using the 2−∆∆CT method with the
small nucleolar RNA, snoR101, and ELONGATION FACTOR-1α (EF-1α; AT5G60390) used
as the respective internal controls to normalize the relative abundance of miR160 or the
level of expression of each assessed gene. For all RT-qPCR experiments reported here,
three biological replicates consisting of pools of six individual plants were used per sample,
and three technical replicates were performed per biological replicate. The sequence of
each DNA oligonucleotide used in this study, either for the synthesis of a miR160-specific
cDNA, or to quantify gene transcript abundance via RT-qPCR, is provided in Table S1.

2.3. Statistical Analysis

The data generated for statistical analysis in this study were obtained from three
biological replicates of each analyzed plant line and each biological replicate consisted
of a pool of six individual 21-day-old plants. Statistical analysis was performed using a
standard two-tailed t-test. Different degrees of statistical significance are represented in
Figures 1–5 via the use of an asterisk (*), where * p ≤ 0.05, ** p ≤ 0.01, and *** p ≤ 0.001.
The absence of an asterisk above a column in the graphs presented in Figures 1–4 indicates
that there was no statistically significance difference between the control sample (0.0 µM
2,4-D) and 0.1 and 1.0 µM 2,4-D treated samples. Similarly, in Figure 5, the lack of an
asterisk above a column in the presented graphs shows no statistically significant difference
between Col-0 plants and the drb4, drb14, and drb24 mutants.

3. Results
3.1. Phenotypic and Molecular Analysis of Wild-Type Arabidopsis Plants Treated with the
Synthetic Auxin 2,4-Dichlorophenoxyacetic Acid

The miR160/ARF10/ARF16/ARF17 expression module provides an excellent system
to study the complex interaction between miRNA-mediated regulation of ARF gene ex-
pression and Arabidopsis root development. Two concentrations of the synthetic auxin
2,4-dichlorophenoxyacetic acid (2,4-D) were applied to wild-type Arabidopsis (Col-0) plants,
and to the drb1, drb2, and drb12 mutants via direct root contact. The period of exposure to
2,4-D was limited to 24 h, and the phenotypic changes and molecular alterations stemming
from treatment with the two assessed synthetic auxin concentrations in Col-0, drb1, drb2,
and drb12 plants were observed 10 days later to uncover the relationship between modifica-
tion of the auxin signaling pathway and miR160-directed regulation of ARF10, ARF16, and
ARF17 expression.

Figure 1A shows that at the whole plant level, the application of 1.0 µM 2,4-D impacted
the development of Col-0 seedlings to a much greater degree than 0.1 µM 2,4-D and,
considering that primary root growth is one of the major developmental processes regulated
by auxin [40], this formed the first phenotypic metric assessed. The average length of the
primary root of a 21-day-old Col-0 seedling was 38 millimeters (mm) (Figure 1B). The
primary root length of 0.1 µM treated Col-0 (Col-0/0.1 µM) seedlings was significantly
elevated by 18.4% to 45 mm and elevated to a lesser degree (10.5%) in 1.0 µM Col-0
(Col-0/1.0 µM) plants to 42 mm (Figure 1B). Lateral and adventitious root development
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has also been shown to be influenced by exogenous auxin application [39,41–43], or via
molecular modification of components of the miR160 expression module [12,39]; therefore,
these two phenotypic metrics were also quantified. Untreated 21-day-old Col-0 plants
developed an average of 12 lateral and 1.5 adventitious roots (Figure 1C,D). In 0.1 µM and
1.0 µM 2,4-D treated Col-0 plants, lateral root development was significantly promoted by
83.3% and 200.8% with an average of 22 and 37 lateral roots forming in Col-0/0.1 µM and
Col-0/1.0 µM plants, respectively (Figure 1C). In Col-0/0.1 µM plants, adventitious root
development was only mildly enhanced by 20.0% with an average of 1.8 adventitious roots
forming per plant (Figure 1D). However, adventitious root development was significantly
enhanced by 193.3% in Col-0/1.0 µM plants with an average of 4.4 adventitious roots
forming after treatment with the higher concentration of 2,4-D (Figure 1D). The phenotypic
properties displayed by the rosette and other aerial tissues of an Arabidopsis plant also form
excellent indicators of overall plant health, and the communication status between root
and shoot tissues in response to the external environment [44–46]. The total surface area of
the rosette of Col-0 plants treated with 0.1 µM 2,4-D was only mildly increased by 3.7% to
28 mm squared (mm2) from an average rosette surface area of 27 mm2 for Col-0/0.0 µM
plants (Figure 1E). In contrast, the application of 1.0 µM 2,4-D had a negative impact on
Col-0 aerial tissue development, with the total surface area of the rosette of Col-0/1.0 µM
plants significantly reduced by 24.7% to 20.5 mm2 (Figure 1E).

At the molecular level, the miR160 expression module forms a highly complex module
in Arabidopsis with the miR160 sRNA processed from three precursor transcripts transcribed
from three MIR genes at distinct genome positions, specifically loci MIR160A (AT2G39175),
MIR160B (AT4G17788), and MIR160C (AT5G46845). Furthermore, post its processing
from the PRE-MIR160A, PRE-MIR160B, and PRE-MIR160C precursors via either DRB1-
dependent or DRB2-dependent mechanisms [25,28,39], the abundance of miR160 is further
regulated in a spatiotemporal manner by two endogenous target mimics (eTMs), eTM160-1
and eTM160-2 [47,48], which together, fine tune the degree of miR160-directed regulation
of ARF10, ARF16, and ARF17 gene expression [12,13,39].

Compared to the roots of Col-0/0.0 µM plants, PRE-MIR160A, PRI-MIR160B, and
PRE-MIR160C transcript abundance was reduced by 1.8-, 1.3-, and 2.0-fold in the roots
of Col-0/0.1 µM plants (Figure 1F–H). In Col-0/1.0 µM roots, PRE-MIR160A transcript
abundance remained unchanged (Figure 1F), while the level of expression of PRE-MIR160B
and PRE-MIR160C was elevated by 1.9-fold (Figure 1G) and reduced by 1.4-fold, respec-
tively (Figure 1H). Decreased precursor transcript abundance in Col-0/0.1 µM roots sug-
gested that these three precursors were more efficiently processed following treatment
of Col-0 plants with 0.1 µM 2,4-D, which was in turn, expected to result in higher levels
of miR160 accumulation. However, the abundance of miR160 was greatly reduced by
10.0-fold in Col-0/0.1 µM roots (Figure 1I), and not elevated as expected. Considering that
PRE-MIR160A abundance remained unchanged, PRE-MIR160B levels were significantly ele-
vated, and that PRE-MIR160C abundance was moderately reduced in Col-0 roots following
treatment with 1.0 µM 2,4-D (Figure 1F–H), a more tempered alteration to miR160 abun-
dance was expected. Accordingly, miR160 levels were reduced by 2.0-fold in Col-0/1.0 µM
roots (Figure 1I). RT-qPCR next revealed that eTM160-1 and eTM160-2 transcript abun-
dance was mildly decreased by 1.3-fold and 1.1-fold, respectively (Figure 1J,K), in response
to the significant decrease in the level of their regulated miR160 in Col-0/0.1 µM roots
(Figure 1I). In contrast, the abundance of the eTM160-1 transcript was significantly elevated
by 6.8-fold (Figure 1J), and the level of eTM160-2 remained unchanged in Col-0/1.0 µM
roots (Figure 1K), compared to their levels in Col-0/0.0 µM roots.
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Figure 1. Phenotypic and molecular analysis of Col-0 plants treated with 2,4-D. (A) Representa-
tive phenotypes displayed by three individual 21-day-old untreated Col-0 plants or following the
treatment of Col-0 plants with 0.1 µM and 1.0 µM 2,4-D. Scale bar = 1.0 cm. (B–E) Quantification of
primary root length (B), lateral root number (C), adventitious root number (D), and rosette leaf surface
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area (E) of 21-day-old untreated Col-0 plants or following the treatment of Col-0 plants with 0.1 µM
and 1.0 µM 2,4-D. (F–Q) Molecular analysis of all components of the miR160 expression module in
the roots of 21-day-old untreated Col-0 plants or following the treatment of Col-0 plants with 0.1 µM
and 1.0 µM 2,4-D, including profiling the expression of PRE-MIR160A (F), PRE-MIR160B (G), PRE-
MIR160C (H), miR160 (I), eTM160-1 (J), eTM160-2 (K), ARF10 (L), ARF16 (M), ARF17 (N), DRB1 (O),
DRB2 (P), and DRB4 (Q). (B–Q) All phenotypic and molecular analyses relied on the use of three
biological replicates and each replicate consisted of a pool of six plants. Altered development (B–E)
or changed transcript abundance (F–Q) was determined via comparison of the Col-0/0.1 µM and
Col-0/1.0 µM treated samples to the values obtained for the untreated Col-0/0.0 µM sample by a
standard two-tailed t-test. Error bars represent the standard error of the mean (SEM) and an asterisk
(*) shows * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001.

In response to significantly reduced miR160 accumulation in Col-0/0.1 µM roots,
ARF10 expression was mildly reduced by 1.1-fold (Figure 1L), ARF16 expression was
significantly elevated by 5.0-fold (Figure 1M), and ARF17 expression was mildly increased
by 1.1-fold (Figure 1N). Taken together, these target gene expression trends indicated that
only the ARF16 target gene was responsive to altered miR160 abundance in 0.1 µM 2,4-D
treated Col-0 roots. In Col-0/1.0 µM roots where miR160 accumulation was reduced by
2.0-fold (Figure 1I), ARF10 and ARF17 gene expression was also mildly reduced by 1.1-
and 1.3-fold, respectively (Figure 1L,N), and ARF16 expression was elevated by 1.4-fold
(Figure 1M). Again, these target gene expression trends indicated that of the three miR160
targets assessed, only ARF16 was responsive to altered miR160 accumulation in the roots
of Col-0 plants after treatment with exogenous auxin. To attempt to provide further insight
into the transcript abundance trends documented for some components of the miR160
expression module in the roots of 21-day-old Col-0 plants treated with 2,4-D, the level
of expression of the three nucleus-localized DRB proteins assigned functional roles in
miRNA production in Arabidopsis, including DRB1, DRB2, and DRB4, was also assessed
via RT-qPCR. In Col-0/0.1 µM roots, DRB1, DRB2 and DRB4 expression was reduced by
1.2-, 1.1-, and 1.6-fold, respectively (Figure 1O–Q). In Col-0/1.0 µM roots, DRB1 expression
was mildly increased by 1.3-fold (Figure 1O), and the expression of DRB2 and DRB4 was
significantly reduced by 2.2- and 1.6-fold, respectively (Figure 1P,Q).

Molecular profiling of components at each stage of the miR160 expression module
failed to identify expected abundance trends for a number of the components assessed
via RT-qPCR in Col-0 roots following their treatment with 2,4-D. Taking the findings
made in Col-0/0.1 µM roots as an example, the transcript abundance of PRE-MIR160A,
PRE-MIR160B, PRE-MIR160C, miR160, eTM160-1, eTM160-2, ARF10, and ARF17 were all
reduced. However, reduced precursor transcript abundance was expected to result in
elevated miR160 abundance due to enhanced precursor transcript processing efficiency,
and similarly, reduced miR160 abundance was expected to increase ARF target gene expres-
sion due to relaxation of miR160-directed expression regulation. However, the RT-qPCR
analyses presented in Figure 1 did not identify these expected transcript abundance trends.
Therefore, we next applied a bioinformatic approach to profile the promoter landscapes of
the encoding loci of the individual components of the miR160 expression module, which
were assessed by RT-qPCR in Col-0 roots to obtain a more thorough understanding of
the influence which exogenous auxin application may have had on the transcriptional
activity of each analyzed component of the miR160 expression module. The nucleotide
sequences of known AREs in Arabidopsis gene promoters, including TGTCTC, GAGACA,
AGAAACAT, AGAAACAA, and NGATT (where ‘N’ represents any nucleotide) were aligned
to the putative promoter regions (two kilobases (2 kb) of the genomic DNA sequence
immediately upstream of the transcription start site of each gene) of each gene encoding
a component of the miR160 expression module using three different online programs,
including PlantCARE [49], PLACE [50], and AtcisDB [51].
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Table 1. Bioinformatic assessment of the cis-acting element landscape of the promoter regions of
miR160 expression module genes to determine the presence of AREs.

Gene Name PlantCARE [49] PLACE [50] AtcisDB [51]

MIR160A × ✔ N/A
MIR160B ✔ ✔ N/A
MIR160C ✔ × N/A
eTM160-1 × ✔ N/A
eTM160-2 × ✔ N/A

ARF10 ✔ ✔ ✔

ARF16 × ✔ ✔

ARF17 ✔ × ✔

DRB1 × ✔ ×
DRB2 ✔ × ×
DRB4 × ✔ ✔

Confirmation of the presence of an ARE in the promoter region of a miR160 expression module gene is denoted by
the check mark (✔) symbol, whereas the failure to identify an ARE in a promoter region of a miR160 expression
module gene by the three online programs is denoted by a cross (×) symbol.

Three different programs were used for this analysis as each program uses a unique
set of parameters to determine the presence or absence of cis-acting elements in gene
promoters. Therefore, utilizing this program combination was considered the best strategy
to obtain a comprehensive overview of the ARE cis-acting element landscape of each miR160
expression module gene. Table 1 shows that ARF10 was the only gene identified by all
three programs to harbor an ARE in its promoter region. Loci MIR160B, ARF16, and ARF17,
as well as DRB4, which was included in this analysis due to its known role in tasiARF
production [52], were identified by two of the three programs to harbor an ARE(s) in their
promoter regions. A higher level of confidence in ARE identification in the promoter regions
of the 11 assessed genes could not be achieved via the applied bioinformatic approach as
the AtcisDB program is not capable of assessing the promoter region cis-acting element
landscapes of non-coding genes in addition to its ability to interrogate the cis-acting element
landscapes of protein-coding gene promoters. However, at least one of the three programs
used did confirm the presence of an ARE in the promoter regions of the six remaining
miR160 module genes also included in this in silico analysis, including ARE identification
in the promoter regions of the MIR160A, MIR160C, ETM160-1, ETM160-2, DRB1, and
DRB2 genes (Table 1). When the Table 1 data are considered together with the transcript
abundance trends presented in Figure 1, these findings (1) identify all analyzed miR160
expression module genes as ARGs due to the presence of ARE cis-acting elements in their
promoter regions, and (2) suggest that at least some of the unexpected abundance trends
identified by RT-qPCR are the result of the influence of the exogenously applied 2,4-D at
the transcriptional level, in addition to the multilayered regulatory complexity of various
components of the miR160 expression module at the posttranscriptional level.

3.2. Phenotypic and Molecular Analysis of the drb1 Single Mutant Treated with the Synthetic
Auxin 2,4-Dichlorophenoxyacetic Acid

Figure 2A shows the severely impeded development of the drb1 mutant, a phenotype
which has been described in detail previously [22,28,38] and which is the result of defective
production of most Arabidopsis miRNAs in the absence of DRB1 forming a functional
partnership with DCL1 [23–28]. Figure 2A also readily shows that treatment of drb1 plants
with 0.1 µM 2,4-D (drb1/0.1 µM plants) enhanced the development of both aerial structures
and the root system of drb1/0.1 µM plants, while treatment of drb1 plants with 1.0 µM
2,4-D (drb1/1.0 µM plants) appeared to only impact primary root development. Promotion
of phenotypic properties of the aerial and root tissues of drb1 plants following treatment
with 0.1 µM 2,4-D was confirmed via quantification of primary root length, lateral and
adventitious root number, and rosette surface area (Figure 2B–E). More specifically, the
primary root length of drb1/0.1 µM plants was significantly increased by 46.2% to 38 mm
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from 26 mm for untreated drb1 control plants (drb1/0.0 µM plants) (Figure 2B). Similarly,
lateral root formation was also significantly enhanced in drb1/0.1 µM plants, increased
by 177.1% with drb1/0.1 µM plants forming an average of 9.7 lateral roots, compared
to the average lateral root number of 3.5 for drb1/0.0 µM plants (Figure 2C). Although
not to the same degree as determined for primary root length and lateral root number in
drb1/0.1 µM plants, adventitious root number and rosette surface area were also enhanced
in drb1 mutant plants treated with the lower concentration of 2,4-D (Figure 2D,E). Moreover,
the drb1 control plants formed an average of 4.1 adventitious roots and developed a rosette
with an average surface area of 16.5 mm2, whereas the adventitious root number was
increased by 17.1% to 4.8 (Figure 2D), and the rosette surface area was increased by 19.4% to
19.7 mm2 (Figure 2E) in drb1/0.1 µM plants. In direct contrast to the promotion of primary
root length in drb1/0.1 µM plants, primary root length was significantly reduced by 32.7%
to 17.5 mm in drb1/1.0 µM plants (Figure 2B). The phenotypic metrics of the lateral root
number, adventitious root number, and rosette surface area all showed mild alterations
in drb1/1.0 µM plants compared to drb1/0.0 µM plants. Namely, lateral and adventitious
root numbers were increased by 14.3% and 12.2% to 4.0 and 4.6 lateral and adventitious
roots, respectively (Figure 2C,D), and rosette surface area was reduced by 6.1% to 15.5 mm2

(Figure 2E).
The level of PRE-MIR160A, PRE-MIR160B, and PRE-MIR160C expression was signif-

icantly reduced by 2.2-, 2.0-, and 2.2-fold, respectively, in drb1/0.1 µM roots compared
to the level of expression of the three miR160 precursor transcripts in drb1/0.0 µM roots
(Figure 2F–H). Accordingly, miR160 abundance was found to be significantly elevated
by 5.0-fold in drb1/0.1 µM roots compared to its level in drb1/0.0 µM roots (Figure 2I),
a finding which indicated that elevated miR160 abundance was the result of enhanced
precursor transcript processing efficiency in the roots of the drb1 mutant after its treatment
with 0.1 µM 2,4-D (Figure 2F–I). The level of both eTMs was also increased in drb1/0.1 µM
roots, with eTM160-1 levels increased by 2.8-fold (Figure 2J) and eTM160-2 transcript abun-
dance elevated by 1.2-fold (Figure 2K), expression trends that indicated that both eTMs
were scaling in abundance according to the level of their regulated miRNA (Figure 2I).
In response to elevated miR160 abundance in drb1/0.1 µM roots, ARF10 expression was
reduced by 1.8-fold (Figure 2L), and the expression of the ARF16 and ARF17 target genes
was elevated by 1.9- and 1.1-fold, respectively (Figure 2M,N).

Accordingly, RT-qPCR failed to detect the expression of DRB1 in the roots of drb1/0.1 µM
plants (Figure 2O) but showed that the expression of DRB2 was mildly reduced by 1.1-fold
(Figure 2P) and that DRB4 expression was significantly decreased by 2.4-fold in drb1 roots
following treatment with 0.1 µM 2,4-D (Figure 2Q). When considered together, the DRB
expression trends suggested that, in the absence of DRB1 expression, highly reduced
DRB4 expression, and therefore the removal of DRB4 protein antagonism of DRB2 protein
function [34,37,38], likely allowed for enhanced miR160 precursor transcript efficiency via
DRB2 forming a functional partnership with DCL1, leading to elevated miR160 abundance
in drb1/0.1 µM roots.

In drb1/1.0 µM roots, compared to the root tissues of drb1/0.0 µM plants, PRE-
MIR160A, PRE-MIR160B, and PRE-MIR160C expression was only mildly reduced by 1.3-,
1.3- and 1.1-fold, respectively (Figure 2F–H). Decreased miR160 precursor abundance in
drb1/1.0 µM plants was again determined to be the result of enhanced precursor transcript
processing efficiency, with miR160 accumulation elevated by 2.3-fold in the root tissues
of drb1 plants following their treatment with 1.0 µM 2,4-D. The abundance of eTM160-1
and eTM160-2 were elevated by 2.8- and 1.6-fold, respectively (Figure 2J,K). These eTM
abundance trends suggested that (1) both transcripts were scaling in abundance along with
that of their regulated miRNA, miR160, and (2) increased eTM160 levels may have masked
the actual degree of miR160 accumulation upregulation in drb1/1.0 µM roots. The ARF
target gene expression trends documented in drb1/1.0 µM roots closely matched those
obtained for the roots of drb1/0.1 µM plants (Figure 2L–N). Specifically, ARF10 expression
was reduced by 1.2-fold, and the expression of both ARF16 and ARF17 was elevated by
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1.2-fold in drb1/1.0 µM roots. DRB2 and DRB4 expression trends in drb1/1.0 µM roots
also closely aligned with those determined for drb1/0.1 µM roots, with DRB2 and DRB4
expression decreased by 2.0- and 1.6-fold in the root tissues of drb1 plants treated with
1.0 µM 2,4-D (Figure 2P,Q). This result again suggested that, in the absence of DRB1 func-
tion, reduced DRB4 expression and thereby the removal of DRB4 antagonism of DRB2
function, likely led to the enhanced efficiency of miR160 precursor transcript processing
via the DRB2 protein forming a functional interaction with DCL1.

was elevated by 1.9- and 1.1-fold, respectively (Figure 2M,N). 

 
Figure 2. Phenotypic and molecular analysis of 21-day-old drb1 plants treated with 2,4-D.
(A) Representative phenotypes displayed by three individual 21-day-old untreated drb1 control
plants or following treatment of drb1 plants with 0.1 µM and 1.0 µM 2,4-D. Scale bar = 1.0 cm.
(B–E) Quantification of primary root length (B), lateral root number (C), adventitious root number (D),
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and rosette leaf surface area (E) of 21-day-old untreated drb1 control plants or following the treatment
of drb1 plants with 0.1 µM and 1.0 µM 2,4-D. (F–Q) Molecular analysis of all components of the
miR160 expression module in the roots of 21-day-old untreated drb1 plants or following treatment of
drb1 plants with 0.1 µM and 1.0 µM 2,4-D, including profiling of the expression of PRE-MIR160A (F),
PRE-MIR160B (G), PRE-MIR160C (H), miR160 (I), eTM160-1 (J), eTM160-2 (K), ARF10 (L), ARF16 (M),
ARF17 (N), DRB1 (O), DRB2 (P), and DRB4 (Q). (B–Q) All phenotypic and molecular analyses relied
on the use of three biological replicates with each biological replicate consisting of a pool of six
plants. Altered development (B–E) or a change in transcript abundance (F–Q) was determined
via comparison of the drb1/0.1 µM and drb1/1.0 µM treated samples to the values obtained for
the untreated drb1/0.0 µM control sample by a standard two-tailed t-test. Error bars represent the
standard error of the mean (SEM) and an asterisk (*) shows * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001.

3.3. Phenotypic and Molecular Analysis of the drb2 Single Mutant Treated with the Synthetic
Auxin 2,4-Dichlorophenoxyacetic Acid

Treatment of the drb2 single mutant with either 0.1 or 1.0 µM 2,4-D had an inhibitory
effect on the elongation of the primary root of drb2/0.1 µM and drb2/1.0 µM plants, while
both 2,4-D concentrations promoted lateral root formation (Figure 3A). These observations
were confirmed via quantification of the phenotypic metrics, primary root length, lateral
and adventitious root number, and rosette surface area (Figure 2B–E). The average primary
root length of untreated drb2 control plants was 82 mm, with the average primary root
length of drb2/0.1 µM and drb2/1.0 µM plants reduced by 12.2% and 35.4% to 72 mm and
53 mm, respectively (Figure 2B). The average number of lateral and adventitious roots
formed by drb2/0.0 µM plants was 20.5 and 2.3, respectively (Figure 2C,D). In drb2/0.1 µM
plants, the lateral root number was increased by 65.9% to 34 lateral roots per plant, and
in drb2/1.0 µM plants, lateral root development was further promoted by 129.3% to an
average of 47 lateral roots per plant (Figure 2C). Adventitious root formation was affected
differently in the drb2 mutant following its treatment with the two 2,4-D concentrations,
with the adventitious root number mildly decreased by 9.1% to 2.1 adventitious roots per
drb2/0.1 µM plant, and significantly increased by 139.1% to an average of 5.5 adventitious
roots forming per drb2/1.0 µM plant (Figure 2D). The average rosette surface area for
drb2/0.0 µM plants is 40.5 mm2, with the rosette surface area only mildly decreased by
1.3% to 40 mm2 in drb2/0.1 µM plants, whereas the rosette surface area of a drb2/1.0 µM
plant was significantly decreased by 23.5% to 31.5 mm2 (Figure 2E).

Compared to their level of expression in drb2/0.0 µM roots, PRE-MIR160A was signifi-
cantly reduced by 2.9-fold (Figure 3F), and the abundance of both PRE-MIR160B and PRE-
MIR160C was mildly reduced by 1.3-fold in the roots of drb2/0.1 µM plants (Figure 3G,H).
The accumulation level of miR160 was significantly increased by 3.8-fold in drb2/0.1 µM
roots (Figure 3I), indicating that reduced precursor transcript abundance was the result of
enhanced processing efficiency of the three miR160 precursors in the roots of drb2 plants
after the application of 0.1 µM 2,4-D. The level of the PRE-MIR160A transcript was also
reduced in drb2/1.0 µM roots (down 2.1-fold). However, the level of the PRE-MIR160B
and PRE-MIR160C transcripts was elevated by 1.1- and 1.6-fold, respectively, in drb2 roots
following treatment with 1.0 µM 2,4-D. Compared to its level of abundance in the roots of
untreated drb2 control plants, miR160 accumulation was elevated by 1.9-fold in drb2/1.0 µM
roots (Figure 3I). This miRNA abundance trend was likely the result of increased efficiency
in the processing of the PRE-MIR160A precursor (Figure 3F). In the roots of drb2/0.1 µM
and drb2/1.0 µM plants, the abundance of both the eTM160-1 and eTM160-2 transcripts was
increased to a similar degree (Figure 3J,K), a finding that once again indicated that the eTM
transcripts were scaling in abundance in accordance to the level of their regulated miRNA.
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Figure 3. Phenotypic and molecular analysis of 21-day-old drb2 plants treated with 2,4-D.
(A) Representative phenotypes displayed by 21-day-old drb2 control plants or following their treat-
ment with 0.1 µM and 1.0 µM 2,4-D. Scale bar = 1.0 cm. (B–E) Quantification of primary root
length (B), lateral root number (C), adventitious root number (D), and rosette leaf surface area (E)
of 21-day-old drb2 control plants or following treatment of drb2 plants with 0.1 µM and 1.0 µM 2,4-D.
(F–Q) Molecular analysis of all components of the miR160 expression module in the roots of drb2/0.0 µM,
drb2/0.1 µM and drb2/1.0 µM plants, including assessment of the expression of PRE-MIR160A (F),
PRE-MIR160B (G), PRE-MIR160C (H), miR160 (I), eTM160-1 (J), eTM160-2 (K), ARF10 (L), ARF16 (M),
ARF17 (N), DRB1 (O), DRB2 (P), and DRB4 (Q). (B–Q) All phenotypic and molecular analyses relied
on the use of three biological replicates and each replicate consisted of a pool of six plants. Altered
development (B–E) or a change in transcript abundance (F–Q) was determined via comparison of the
drb2/0.1 µM and drb2/1.0 µM treated samples to the values obtained for the drb2/0.0 µM control
sample by a standard two-tailed t-test. Error bars represent the standard error of the mean (SEM) and
an asterisk (*) shows * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001.
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In response to the 3.8-fold elevation in miR160 abundance in drb2/0.1 µM roots, ARF10
and ARF16 expression was increased by 1.4-fold, and ARF17 expression was reduced by
1.2-fold (Figure 3L–N). A similar target gene expression trend was determined by RT-qPCR
in drb2/1.0 µM roots, with ARF10 and ARF16 expression elevated by 1.4- and 1.2-fold,
respectively (Figure 3L,M), and ARF17 decreased by 1.3-fold (Figure 3N). The target gene
expression trends for the roots of drb2 plants treated with 0.1 and 1.0 µM 2,4-D suggest
the either (1) only the ARF17 target gene is responsive to the 2,4-D-induced alteration
of miR160 abundance, or (2) translational repression forms the predominant mode of
RNA silencing directed by miR160 to regulate the transcript abundance of its target genes,
ARF10 and ARF16 (Figure 3I,L–N). Compared to drb2/0.0 µM roots, DRB1 expression
was elevated by 1.8- and 1.4-fold in the roots of drb2/0.1 µM and drb2/1.0 µM plants,
respectively (Figure 3O), while the expression of DRB4 was significantly reduced by 4.0-
and 5.0-fold in these two 2,4-D treated samples (Figure 3Q). Elevated DRB1 expression, and
therefore increased DRB1 protein abundance, supports the suggestion that the processing
efficiency of all three miR160 precursors was enhanced in drb2/0.1 µM roots (Figure 3F–H),
as well as for the PRE-MIR160A precursor in drb2/1.0 µM roots (Figure 3F), resulting in the
elevated abundance of miR160 in these two drb2 samples following their treatment with
2,4-D (Figure 3I).

3.4. Phenotypic and Molecular Analysis of the drb12 Double Mutant Treated with the Synthetic
Auxin 2,4-Dichlorophenoxyacetic Acid

Figure 4A shows that of the four Arabidopsis lines treated with 2,4-D, and when
compared to untreated control plants (drb12/0.0 µM plants), the drb12 double mutant
appeared to be the least responsive to synthetic auxin treatment. The lack of response
of drb12 plants to 2,4-D treatment may in part stem from the already severely impeded
development of this Arabidopsis line, a phenotypic consequence which results from loss
of both DRB1 and DRB2 function as part of miRNA production [35,37,38]. The average
primary root length of 21-day-old drb12 control plants is 14 mm. In drb12/0.1 µM plants,
the primary root length was increased by 7.1% to 15 mm, whereas the primary root length
of drb12/1.0 µM plants was reduced by 17.9% to 11.5 mm (Figure 4B). The average number
of lateral and adventitious roots of drb12/0.0 µM plants was 2.0 and 4.8 roots, respectively
(Figure 4C,D). In drb12/0.1 µM plants, the lateral root number was promoted by 25% to
2.5 lateral roots, whereas the adventitious root number remained largely unchanged (down
by 2.5%), with drb12/0.1 µM plants forming on average, 4.7 adventitious roots (Figure 4C,D).
Compared to drb12/0.0 µM plants, both root phenotypic metrics were promoted in the
drb12 double mutant following its treatment with 1.0 µM 2,4-D, with drb12/1.0 µM plants
developing an average of 2.3 and 7.8 lateral and adventitious roots, representing 15.0%
and 62.5% increases, respectively (Figure 4C,D). Aerial tissue development was impeded
in both the drb12/0.1 µM and drb12/1.0 µM samples, compared to the rosette surface
area of 11 mm2 for drb12/0.0 µM plants. Specifically, the average rosette surface area of
drb12/0.1 µM plants was reduced by 9.1% to 10 mm2 and the average rosette surface area
of drb12/1.0 µM plants was reduced by 31.9% to 7.5 mm2 (Figure 4E).

The abundance of PRE-MIR160A, PRE-MIR160B, and PRE-MIR160C was reduced by
2.8-, 1.8-, and 1.4-fold, respectively, in drb12/0.1 µM roots, compared to drb12/0.0 µM roots
(Figure 4F–H). The accumulation level of miR160 was significantly reduced by 12.5-fold in
drb12/0.1 µM roots (Figure 4I). This accumulation trend indicated that reduced miR160
precursor transcript abundance was the result of decreased MIR160A, MIR160B, and
MIR160C gene activity in drb12/0.1 µM roots after synthetic auxin treatment (Figure 4F–I).
The abundance of the PRE-MIR160A and PRE-MIR160B transcripts were also reduced
by 2.7- and 1.2-fold in the roots of the drb12 double mutant following its treatment with
1.0 µM 2,4-D (Figure 4F,G). However, PRE-MIR160C abundance was mildly elevated by
1.2-fold in drb12/1.0 µM roots (Figure 4H). Considering that miR160 abundance was sig-
nificantly reduced by 3.1-fold in drb12/1.0 µM roots, the expression trends documented
for PRE-MIR160A and PRE-MIR160B again suggest that the transcriptional activity of the
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MIR160A and MIR160B loci are repressed by 2,4-D application. Furthermore, a decreased
level of miR160 accumulation in drb12/1.0 µM roots additionally indicated that elevated
PRE-MIR160C abundance could not compensate for the reduced levels of the PRE-MIR160A
and PRE-MIR160B precursors in the absence of DRB1 and DRB2 function. The abundance of
the eTM160-1 and eTM160-2 transcripts was decreased by 2.0- and 1.7-fold in drb12/0.1 µM
roots, indicating that the levels of both eTMs were scaling in abundance according to
the level of their regulated miRNA, miR160 (Figure J,K). The level of eTM106-2 was also
reduced in the roots of drb12 plants following treatment with 1.0 µM 2,4-D (Figure 4K).
This once again indicated that the level of this miR160-regulating eTM was scaling in accor-
dance with the level of abundance of miR160 (Figure 4I). In contrast, eTM160-1 levels were
increased by 1.7-fold in drb12/1.0 µM roots (Figure 4J), a finding which suggested that the
regulatory ability of eTM160-1 to respond to altered miR160 abundance became defective
in the roots of drb12 plants following their treatment with the higher concentration of 2,4-D.
Alternatively, this finding could indicate that the transcriptional activity of the eTM160-1
encoding locus was promoted by the application of the higher 2,4-D concentration.

 

Figure 4. Phenotypic and molecular analysis of 21-day-old drb12 plants treated with 2,4-D.
(A) Phenotypes displayed by 21-day-old drb12 control plants or following their treatment with 0.1 µM
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and 1.0 µM 2,4-D. Scale bar = 1.0 cm. (B–E) Quantification of primary root length (B), lateral root num-
ber (C), adventitious root number (D), and rosette leaf surface area (E) of 21-day-old drb12/0.0 µM,
drb12/0.1 µM and drb12/µM plants. (F–Q) Molecular analysis of all miR160 expression module
components in the roots of 21-day-old drb12/0.0 µM, drb12/0.1 µM and drb12/µM plants, including
assessing PRE-MIR160A (F), PRE-MIR160B (G), PRE-MIR160C (H), miR160 (I), eTM160-1 (J), eTM160-
2 (K), ARF10 (L), ARF16 (M), ARF17 (N), DRB1 (O), DRB2 (P), and DRB4 (Q) expression. (B–Q) All
phenotypic and molecular analyses relied on the use of three biological replicates and each replicate
consisted of a pool of six plants. Altered development (B–E) or a change in transcript abundance
(F–Q) was determined via comparison of the drb12/0.1 µM and drb12/1.0 µM samples to the values
obtained for the drb12/0.0 µM control sample by a standard two-tailed t-test. Error bars represent the
standard error of the mean (SEM) and an asterisk (*) shows * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001.

The expression level of ARF10 was significantly elevated by 5.0-fold in drb12/0.1 µM
roots and by 2.0-fold in drb12/1.0 µM roots (Figure 4L). The ARF10 expression trend
indicated that miR160-directed regulation of ARF10 expression was released in the roots
of the drb12 double mutant following its treatment with 2,4-D. In drb12/0.1 µM roots, the
level of expression of ARF16 and ARF17 was mildly elevated by 1.2-fold and remained
unchanged, respectively (Figure 4M,N). Similarly, the expression of both ARF16 and ARF17
was only mildly elevated by 1.1-fold in drb12/1.0 µM roots (Figure 4M,N). When the ARF16
and ARF17 expression trends are considered together with the level of miR160 accumulation
in the roots of drb12/0.1 µM and drb12/1.0 µM plants, the transcript abundance trends
indicated that, in the absence of DRB1 and DRB2 function, the ARF16 and ARF17 target
transcripts lose their ability to appropriately respond to the level of their regulating miRNA,
miR160 (Figure 4I,M,N). As expected, RT-qPCR failed to detect the expression of DRB1
and DRB2 in the roots of the drb12 double mutant regardless of the 2,4-D treatment status
of this Arabidopsis line (Figure 4O,P). Therefore, considering that in the roots of drb12
plants, neither the DRB1 nor the DRB2 protein is present to antagonize the function of
the DRB4 protein, it was unexpected to see the level of DRB4 gene activity reduced to
such a significant degree, down by 11.1- and 6.3-fold in drb12/0.1 µM and drb12/1.0 µM
roots, respectively (Figure 4Q). However, this highly reduced level of DRB4 expression, and
therefore DRB4 protein abundance, may to a small degree, contribute to the considerable
reduction to the level of miR160 accumulation in the roots of drb12 plants after treatment
with 2,4-D. This result also potentially uncovered a previously unknown role for DRB4 to
provide an additional layer of regulatory complexity to the miR160 expression module.

3.5. Phenotypic and Molecular Analysis of the drb4, drb14, and drb24 to Establish a Regulatory
Role for DRB4 in the miR160 Expression Module

Although the involvement of DRB4 in sRNA production in Arabidopsis has been shown
to be restricted to siRNA production [34,38], including tasiARF production [52,53], and
the production of the non-conserved subclass of miRNAs [28,33,34,38], the expression of
DRB4 was repressed to differing degrees in the roots of 21-day-old Col-0 (Figure 1Q), drb1
(Figure 2Q), drb2 (Figure 3Q), and drb12 (Figure 4Q) seedlings following the treatment of
these four Arabidopsis lines with 0.1 µM and 1.0 µM 2,4-D. Therefore, the miR160 expression
module was next molecularly profiled in the roots of the drb4 single mutant and the drb14
and drb24 double mutants to determine the contribution of DRB4 in the regulation of the
miR160 expression module. Compared to the primary root length of Col-0 plants (38 mm),
the primary root length of drb4 plants was increased by 10.5% to 42 mm, decreased by
31.6% to 26 mm in drb14 plants, and elevated by 7.9% to 41 mm in the drb24 double
mutant (Figure 5B). The average number of lateral roots for 21-day-old Col-0 plants was
12, with lateral root development significantly promoted by 41.7% (n = 17) and 58.3%
(n = 19) in the drb4 and drb24 mutant backgrounds, respectively (Figure 5C). In contrast,
lateral root development was mildly repressed by 12.5%, with drb14 plants forming an
average of 10.5 lateral roots. Adventitious root formation was promoted 100.0%, 239.2%,
and 71.4%, with drb4, drb14, and drb24 plants developing an average of 2.8, 4.8, and 2.4
adventitious roots, respectively, compared to Col-0 plants, which formed an average of
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1.4 adventitious roots (Figure 5D). The rosette surface area of 21-day-old Col-0 plants was
26.5 mm2 (Figure 5E). In contrast, the rosette surface area of drb4 and drb24 plants was
increased by 12.5% and 60.4% to 29.8 and 42.5 mm2, respectively, and reduced by 9.4% to
24.0 mm2 in the drb14 double mutant (Figure 5E). Quantification of the phenotypic metrics
displayed by the drb14 and drb24 double mutants (Figure 5B–E), and comparison of these to
those quantified for the drb1 (Figure 2B–E) and drb2 single mutants (Figure 3B–E) revealed
that the drb4 phenotype was additive to the more developmentally severe phenotypes
displayed by drb1 and drb2 plants.

 

Figure 5. Molecular characterization of the miR160 expression module in the roots of 21-day-old
Col-0, drb4, drb14, and drb24 plants. (A) Representative phenotypes displayed by 21-day-old Col-0,
drb4, drb14, and drb24 plants. Scale bar = 1.0 cm. (B–E) Quantification of primary root length (B),
lateral root number (C), adventitious root number (D), and rosette leaf surface area (E) of 21-day-old
Col-0, drb4, drb14, and drb24 plants. (F–Q) Molecular analysis of all components of the miR160
expression module in the roots of 21-day-old Col-0, drb4, drb14, and drb24 plants, including profiling
the expression of PRE-MIR160A (F), PRE-MIR160B (G), PRE-MIR160C (H), miR160 (I), eTM160-1 (J),
eTM160-2 (K), ARF10 (L), ARF16 (M), ARF17 (N), DRB1 (O), DRB2 (P), and DRB4 (Q). (B–Q) All
phenotypic and molecular analyses relied on the use of three biological replicates with each replicate
consisting of a pool of six plants. Altered development (B–E) or a change in transcript abundance
(F–Q) was determined via comparison of the drb4, drb14, and drb24 samples to the values obtained
for Col-0 plants by a standard two-tailed t-test. Error bars represent the standard error of the mean
(SEM) and an asterisk (*) shows * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001.
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The level of PRE-MIR160A and PRE-MIR160C transcript abundance was significantly
elevated by 27.0- and 10.5-fold in drb14 roots, respectively (Figure 5F,H), indicating that,
in the absence of DRB1 and DRB4 function, miR160 production from these two miR160
precursor transcripts is largely defective. By comparison, PRE-MIR160B abundance was
only mildly elevated by 2.8-fold in the roots of the drb14 double mutant (Figure 5G), a
transcript abundance trend which suggested that miR160 processing from this precur-
sor remains somewhat functional in drb14 roots, likely via the action of DRB2. In drb4
and drb24 roots, PRE-MIR160A levels were reduced by 1.7-fold and 3.3-fold, respectively
(Figure 5F), suggesting that both DRB4 and DRB2 are antagonistic to DRB1 function in
miR160 processing from this precursor. The PRE-MIR160B precursor was mildly reduced
in abundance by 1.2-fold in drb4 and drb24 roots, and the PRE-MIR160C precursor was
elevated by a similar degree (1.2 to 1.3-fold) in the root systems of these two drb mutant
backgrounds when compared to Col-0 roots (Figure 5G,H). These transcript abundance
trends again identify secondary roles for DRB2 and DRB4 in regulating the rate of miR160
production from these two precursors. In drb4 and drb24 roots, miR160 levels were signifi-
cantly elevated by 2.8- and 5.7-fold, respectively (Figure 5I). When considered together with
PRE-MIR160 transcript abundance, the observed increase in miR160 levels in drb4 and drb24
roots (Figure 5I) most likely resulted from enhanced processing efficiency of PRE-MIR160A
and PRE-MIR160B by the DRB1/DCL1 partnership (Figure 5F,G), in the absence of DRB2
or DRB4 antagonism of DRB1 function. Considering that PRE-MIR160A, PRE-MIR160B,
and PRE-MIR160C levels were all significantly elevated in drb14 roots, which suggested
highly inefficient or even completely defective precursor transcript processing, it was un-
expected that miR160 accumulation was elevated by 1.4-fold, and not reduced. However,
this unexpected result does indicate that DRB2 can, to a minor degree, compensate for the
loss of DRB1 function (and/or DRB4 function), to ensure that a reduced level of miR160
continues to accumulate in the roots of this double mutant plant.

In drb4 roots, compared to Col-0 roots, eTM160-1 abundance was reduced by 2.0-fold
(Figure 5J). In contrast, eTM160-1 levels were elevated by 1.6- and 2.8-fold in drb14 and drb24
roots, respectively. The level of eTM160-2 did not differ greatly from its wild-type levels in
the roots of drb4, drb14, and drb24 plants. Moreover, eTM160-2 levels were mildly reduced
by 1.1-fold in drb4 roots, unchanged in drb14 roots, and elevated by 1.5-fold in drb24 roots
(Figure 5K). In response to elevated miR160 accumulation in drb4, drb14, and drb24 roots
(Figure 5I), ARF10 expression was also elevated by 1.1-, 1.7-, and 1.1-fold in the roots of the
three assessed drb mutants (Figure 5L). The expression of ARF16 only returned an expected
expression trend in drb14 roots, with ARF16 expression reduced by 1.7-fold (Figure 5M) in
response to the 1.4-fold increase in miR160 levels (Figure 5I). In contrast, ARF16 expression
was elevated by 1.8-fold in drb4 roots and remained unchanged from its wild-type level of
expression in the roots of drb24 plants (Figure 5M). The level of ARF17 expression remained
at wild-type levels in drb4 roots and was elevated by 3.4- and 1.4-fold in the roots of drb14
and drb24 plants, respectively (Figure 5N). When considered together, the lack of transcript
abundance response of the miR160 target genes ARF10, ARF16, and ARF17 (Figure 5L–N),
with respect to the level of alteration to miR160 accumulation (Figure 5I), indicated that, in
the absence of DRB4 gene expression (Figure 5Q), and hence when DRB4 protein function
is defective, the ability of miR160 to appropriately regulate the expression of its three ARF
target genes is compromised. Furthermore, the ARF target gene expression trends, like the
miR160 precursor transcript abundance trends in drb4, drb14, and drb24 roots (Figure 5F–H),
adds further weight to our proposal that DRB4 does indeed play an important role in
adding to the regulatory complexity of the miR160 expression module in Arabidopsis roots.
The altered expression of DRB1 in drb4 and drb24 roots (Figure 5O), and of DRB2 in the
roots of drb4 and drb14 plants (Figure 5P), also likely contributed to the molecular defects
documented by RT-qPCR; these defects would have rendered miR160-directed regulation
of ARF10, ARF16, and ARF17 expression largely defective in the roots of Arabidopsis lines
harboring knockout mutations in the loci that encode the DRB1, DRB2, and DRB4 proteins.
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4. Discussion
4.1. Synthetic Auxin Application Altered Col-0 Root Development Due to Molecular Alteration of
the miR160 Expression Module

As for most Arabidopsis miRNAs [22–25], the DRB1/DCL1 functional partnership
acts as the primary mediator of miR160 production in Arabidopsis [25]. However, we
have recently shown that in Arabidopsis roots, DRB2 also plays an essential functional role
in (1) fine tuning the efficiency of miR160 processing from its precursor transcripts, and
subsequently (2) mediating the mode of miR160-directed expression regulation of its ARF10,
ARF16, and ARF17 target genes [39]. Here, using exogenous application of the synthetic
auxin, 2,4-D, we further characterized the regulatory roles played by DRB1 and DRB2 in
the miR160 expression module as part of root development. In addition, we performed a
bioinformatic assessment of the cis-regulatory elements in the putative promoter regions
of the loci encoding the molecular components of the miR160 module (Table 1), which
showed that the miR160 expression module is an ideal system for molecular analysis of the
effect of exogenous auxin application on Arabidopsis root system development.

The application of 0.1 µM 2,4-D promoted the development of both the root system
and arial tissues of Col-0 plants, indicating that root to shoot auxin signaling was not
compromised in Col-0/0.1 µM plants (Figure 1A–E). However, the treatment of Col-0
with 1.0 µM 2,4-D, while enhancing the primary root length and increasing the lateral
and adventitious root number, resulted in a significant decrease in the rosette surface area,
suggesting that root to shoot auxin signaling was inhibited at the higher 2,4-D concentration.
In the roots of Col-0/0.1 µM plants, the expression of PRE-MIR160A, PRE-MIR160B, and
PRE-MIR160C was reduced in all cases, as was the expression of DRB1 (Figure 1F–H,O). In
addition, miR160 accumulation was significantly reduced by 10-fold in Col-0/0.1 µM roots
(Figure 1I). Thus, the reduced miR160 abundance in Col-0/0.1 µM roots was the result of
the combined effect of repressed MIR160A, MIR160B, and MIR160C expression and reduced
DRB1-mediated processing of the three miR160 precursors. Of the three miR160 target
genes assessed by RT-qPCR (Figure 1L–M), only ARF16 was significantly upregulated
(5.0-fold) in Col-0/0.1 µM roots, which correlated with the decreased abundance of miR160
(Figure 1I,M). ARF16, either on its own or in concert with ARF10, has been shown to
promote, or at least maintain, primary root growth in the presence of auxin [12,13,54]. A
role for ARF16 in primary root length promotion in Col-0 plants was further confirmed by
the phenotypes of Col-0 plants molecularly modified to express a miR160-resistant version
of ARF16 (mARF16) [13,39,54]. These previous findings, together with our results shown in
Figure 1, suggest that elongation of the primary root in Col-0/0.1 µM plants results from
relaxation of miR160-directed regulation of ARF16 expression.

Compared to Col-0/0.1 µM plants, the higher concentration of 2,4-D had a much
greater positive influence on lateral and adventitious root development (Figure 1A,C,D).
At the molecular level, application of 1.0 µM 2,4-D only altered PRE-MIR160B and PRE-
MIR160C transcript abundance, with the level of the PRE-MIR160A transcript remaining
largely unchanged in Col-0/1.0 µM roots, compared to Col-0/0.0 µM roots (Figure 1F–H).
These changes in precursor abundance correspond to an overall 2.0-fold decrease in miR160
accumulation in Col-0/1.0 µM roots (Figure 1G–I). Reduced miR160 abundance in Col-0/1.0
µM roots could not be explained by the reduced DRB2 expression and increased DRB1
expression (Figure 1O). Reduced DRB2 expression would minimize its antagonism on DRB1
function to enhance miR160 production [28,35,43], and increased DRB1 expression would
further enhance miR160 processing, both resulting in increased miR160 accumulation.
Therefore, the reduced accumulation of miR160 in Col-0/1.0 µM roots is more likely to
have resulted from the highly elevated level of abundance of eTM160-1 (Figure 1J), with
this eTM sequestering miR160 levels in specific Arabidopsis tissues to fine tune the degree of
miR160-directed regulation of its ARF target genes [47,48].

Of the three miR160 target genes assessed by RT-qPCR in Col-0/1.0 µM roots, al-
tered target gene expression was only observed for ARF16 and ARF17 (Figure 1L–N),
with ARF16 expression mildly elevated by 1.4-fold and ARF17 levels reduced by a similar
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degree (1.3-fold). In Arabidopsis, ARF17 acts as a transcriptional repressor to downregulate
the expression of its ARGs [12], with GLYCOSIDE HYDROLASE3-like (GH3-like) genes
forming one group of ARGs whose expression is negatively regulated by ARF17 [55,56].
GH3-like proteins are responsive to auxin and play a positive regulatory role in primary
root elongation and the establishment of lateral root initials, and subsequently, to drive
lateral root elongation post their formation [55,56]. Therefore, the mild reduction of ARF17
gene expression may have released the repressive effect of ARF17 on GH3-like gene ex-
pression, which in turn directs GH3-like protein-mediated promotion of lateral root for-
mation in Col-0 plants treated with 1.0 µM 2,4-D. It is also important to note here that
the correct function of all three miR160-targeted ARFs, including ARF10, ARF16, and
ARF17, forms an essential requirement for normal primary and lateral root development in
Arabidopsis [39,57], with abnormally perceived auxin concentrations leading to defective
root system development [39,57,58]. In addition, in Col-0/mARF16 plants, the primary
root length, lateral root number, and lateral root length were all promoted in this Ara-
bidopsis transformant line, where the miR160-resistant transgene version of the ARF16
transcript over-accumulated [39]. Therefore, increased ARF16 expression, together with
decreased ARF17 expression, likely caused the promotion of lateral root development
in Col-0/1.0 µM plants. Of the three ARF genes targeted by miR160 in Arabidopsis, only
ARF17 has a documented role in adventitious root formation [12,54]. Therefore, although
only a mild 1.3-fold reduction was observed for ARF17 expression in Col-0/1.0 µM roots,
this reduction to ARF17/ARF17 levels most likely caused the increase in adventitious root
number in this sample as ARF17 has been previously demonstrated to repress adventitious
root formation in Arabidopsis [12,54]. The Col-0/0.1 µM data also support this suggestion,
with the adventitious root number only slightly increased in Col-0/0.1 µM plants (n = 1.8),
compared to untreated control Col-0 plants (n = 1.5), in response to the very marginal
alteration to ARF17 expression observed in this sample (Figure 1D,N).

4.2. Synthetic Auxin Application Altered drb1 Root Development Due to Molecular Alteration of
the miR160 Expression Module

In the drb1 mutant background, following its treatment with the lower concentration of
synthetic auxin, all four of the assessed phenotypic metrics were promoted (Figure 2A–E).
In contrast, only the primary root length was altered in drb1/1.0 µM plants. When consid-
ered together, these findings indicate that root to shoot auxin signaling remained functional
in drb1/0.1 µM plants, but became compromised in drb1 plants following their treatment
with 1.0 µM 2,4-D. PRE-MIR160A, PRE-MIR160B, and PRE-MIR160C abundance was
significantly reduced in drb1/0.1 µM roots, and accordingly, miR160 accumulation was sig-
nificantly elevated by 5.0-fold (Figure 2F–I). In addition, DRB4 expression was also reduced
in drb1/0.1 µM roots, while the level of expression of DRB2 remained largely unchanged
(Figure 2P,Q). Together, these transcript abundance trends indicated that in drb1/0.1 µM
roots, a reduction in DRB4 antagonism of DRB2 function [34] led to more efficient process-
ing of the three miR160 precursor transcripts by DRB2, together with DCL1, in the absence
of DRB1 [28,35,36]. In response to increased miR160 abundance, ARF10 expression was de-
creased and ARF16 transcript abundance was increased in drb1/0.1 µM roots (Figure 2L,M).
Considering that both ARF10 and ARF16 have been assigned roles in regulating primary
root development [12,13,54], the ARF10 and ARF16 expression trends suggest that elevated
ARF16/ARF16 abundance could compensate for reduced ARF10/ARF10 abundance, which
led to the promotion of primary root development in drb1/0.1 µM plants. Alteration of
the ARF10 to ARF16 abundance ratio may have also directed the promotion of lateral root
formation in drb1/0.1 µM roots (Figure 2C,L,M) with the appropriate function of all three
miR160 targeted ARFs demonstrated to be essential for normal root system development
in Arabidopsis [39,57,58]. Essential regulatory roles for ARF10 and ARF16 in primary and
lateral root development in the drb1 mutant background have been confirmed recently via
the in planta expression of the mARF10 and mARF16 transgenes in drb1 plants [39]. More-
over, elevation of the abundance of either the ARF10 or the ARF16 transcript in either the
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drb1/mARF10 or drb1/mARF16 transformant line was shown to have a positive influence
on both primary root length and lateral root formation [39].

The expression of all three miR160 precursors was also reduced in drb1/1.0 µM roots
(Figure 2F–H). However, the level of reduction of precursor transcript abundance was
less in drb1/1.0 µM roots than it was in drb1/0.1 µM roots, and accordingly, the level
of miR160 over-accumulation was to a lower degree in the roots of drb1/1.0 µM plants
(Figure 2I). This lower degree of miR160 accumulation enhancement in drb1/1.0 µM roots
was also likely to be the combined result of (1) reduced DRB2 expression (Figure 2P), and
therefore a reduction in the level of DRB2 protein available to form a functional interac-
tion with DCL1 for miR160 precursor transcript processing [28,35,36], and (2) elevated
eTM160-1 and eTM160-2 transcript abundance (Figure 2J,K), which would have tightened
the posttranscriptional regulation of miR160 accumulation in drb1/1.0 µM roots [47,48]. In
addition, ARF10, ARF16, and ARF17 expression was only mildly altered in drb1/1.0 µM
roots (Figure 2L–N), indicating that miR160-directed regulation of its target genes became
defective in the drb1 mutant following its treatment with 1.0 µM 2,4-D. Furthermore, this
lack of target gene response to altered miR160 abundance was also the likely cause of
the lack phenotypic alteration of the drb1 mutant following its treatment with the higher
concentration of synthetic auxin. For example, lateral root formation was highly promoted
in drb1/0.1 µM plants where the expression of ARF10 and ARF16 were both significantly
altered (Figure 2C,L,M). However, lateral root development was comparable between the
drb1/0.0 µM and drb1/1.0 µM samples (Figure 2C) where ARF10, ARF16, and ARF17 target
gene expression was only mildly altered (Figure 2L–N).

4.3. Synthetic Auxin Application Altered drb2 Root Development Due to Molecular Alteration of
the miR160 Expression Module

The abundance of PRE-MIR160A, PRE-MIR160B, and PRE-MIR160C was reduced in
the roots of drb2/0.1 µM plants and the abundance of miR160 was significantly elevated
(Figure 3F–I). Further, DRB1 expression was elevated in drb2/0.1 µM roots (Figure 3O),
indicating that, in the absence of DRB2 antagonism of the DRB1 function, elevated miR160
accumulation was due to enhanced precursor transcript processing efficiency [35–37]. In
response to elevated miR160 accumulation, ARF10 and ARF16 expression was mildly
increased by 1.4-fold, and ARF17 expression was mildly reduced by 1.3-fold (Figure 3L–N).
The mildly repressive effect on primary root development in the drb2/0.1 µM sample was
expected as we have previously shown that molecular modification of the drb2 mutant
via the introduction of the miR160-resistant mARF10 and mARF16 transgenes had little
influence on primary root length [39]. Interestingly, when these previous findings are
considered together with the findings reported here in Figure 3, they suggest that, although
ARF10 and ARF16 expression was increased in drb2/0.1 µM roots, the ability of the ARF10
and ARF16 proteins to direct their known roles in primary root development [12,13,54] is
largely lost in the absence of DRB2 function. In contrast to primary root development in
drb2/0.1 µM plants, lateral root formation was highly promoted (Figure 3A,C). Considering
that both ARF10 and ARF16 have previously been assigned positive roles in lateral root
development [13,55,56], an elevated level of expression of both ARF10 and ARF16 in
drb2/0.1 µM roots (Figure 3L,M) likely accounted for this phenotypic change (Figure 3A,C).

Lateral root development was promoted to a further extent in the roots of drb2/1.0 µM
plants (Figure 3A,C). Interestingly, this further promotion of lateral root development
occurred in drb2/1.0 µM plants even though many of the molecular components of the
miR160 expression module were altered to a lesser degree than they were in the roots of
drb2/0.1 µM plants. More specifically, elevated DRB1 expression (Figure 3O), and therefore
elevated DRB1 protein abundance, only resulted in enhanced processing efficiency of
the PRE-MIR160A precursor (Figure 3F). In contrast, elevated PRE-MIR160B and PRE-
MIR160C abundance suggested that both precursors were less efficiently processed in the
roots of drb2/1.0 µM plants (Figure 3G,H). However, although miR160 accumulation was
elevated to a lesser extent in drb2/1.0 µM roots than in drb2/0.1 µM roots (Figure 3I), ARF10
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expression was slightly higher, and ARF17 expression further reduced in the root system of
drb2/1.0 µM plants (Figure 3L,N). Interestingly, the higher level of promotion to lateral root
development in drb2/1.0 µM plants was restricted to the upper region of the root system
(Figure 3A). Considering that both ARF10 and ARF16 direct positive regulatory roles in
lateral root development in Arabidopsis [12,13,54], and that ARF10 expression was increased
to a higher level in the roots of drb2/1.0 µM plants than it was in drb2/0.1 µM roots, the
unique phenotypic response of drb2 plants to treatment with 1.0 µM 2,4-D may indicate that
the positive regulatory role directed by ARF10 in lateral root development in Arabidopsis is
restricted to the upper region of the root system. As outlined above, of the three ARF genes
under miR160-directed expression regulation, only ARF17 has been shown to play a role in
adventitious root development in Arabidopsis [12,54]. Specifically, lateral root formation
was repressed in Arabidopsis transformants molecularly modified to overexpress ARF17 via
the introduction and in planta expression of the miR160-resistant transgene, mARF17 [12].
As described for the Col-0/1.0 µM sample (Figure 1A,D,N), and stemming from its known
role in adventitious root development [12,54], the mild reduction in ARF17 expression
(Figure 3N), and therefore ARF17 protein abundance, most likely caused the significant
promotion of adventitious root development in drb2 plants (Figure 3A,D) following the
treatment of this mutant background with the higher concentration of synthetic auxin.

4.4. The drb12 Double Mutant Is Largely Defective in Its Ability to Mount a miR160-Directed
Response to Treatment with Synthetic Auxin

Of the three root phenotypic measurements assessed in the drb12 double mutant follow-
ing its treatment with either 0.1 or 1.0 µM 2,4-D, only adventitious root development was
significantly impacted in drb12/1.0 µM plants (Figure 4A–D). A lack of phenotypic response
by drb12 plants to treatment with synthetic auxin is somewhat expected as the activity of
both DRB1 and DRB2 are required to produce most Arabidopsis miRNAs [23–25,35–38], with
defective miRNA activity shown to severely impact Arabidopsis development [19–22,31].
Therefore, in addition to defective miR160 production, and miR160-directed regulation of
the expression of its target genes, the molecular profile of most Arabidopsis miRNA expres-
sion modules would be altered in the double mutant [23–25,35–38], which would in turn
render drb12 plants defective in their ability to mount an appropriate miRNA-mediated
response to treatment with synthetic auxin. In drb12/0.1 µM roots, the PRE-MIR160A, PRE-
MIR160B, and PRE-MIR160C transcripts were all reduced in abundance (Figure 4F–H), and
the level of miR160 accumulation was also significantly decreased (Figure 4I). In addition,
the expression of DRB4 was also significantly reduced in the roots of drb12/0.1 µM plants
(Figure 4Q). Considering that our bioinformatic assessment of the cis-acting element land-
scapes of the promotor regions of genes encoding the individual components of the miR160
expression module identified the presence of AREs in the MIR160A, MIR160B, MIR160C,
and DRB4 gene promoter regions, the significantly reduced level of miR160 accumula-
tion in drb12/0.1 µM roots was the combined result of (1) repressed MIR160A, MIR160B,
and MIR160C gene expression, and (2) the inability of the reduced level of DRB4/DRB4
to compensate for the loss of DRB1 and DRB2 function. In response to the significantly
reduced abundance of miR160 in drb12/0.1 µM roots (Figure 4I), ARF10 expression was
highly increased by 5.0-fold (Figure 5I), and since both ARF10 and ARF16 have been shown
to promote primary root development in Arabidopsis [12,13,54], elevated ARF10/ARF10
abundance was the most likely cause of the slight promotion of primary root length in
drb12/0.1 µM plants (Figure 4A,B). The significant increase in ARF10 expression was also
the likely cause of increased lateral root numbers in drb12 plants following their treatment
with 0.1 µM 2,4-D, with ARF10 also previously demonstrated to mediate a positive role in
lateral root development in Arabidopsis [40,43,57,58].

In the roots of drb12 plants treated with 1.0 µM 2,4-D, and as described for drb12/0.1 µM
roots, the significant reduction in miR160 accumulation (Figure 4I) was likely the result of re-
pressed MIR160A and MIR160B gene activity at the transcriptional level (Figure 4F,G), com-
bined with the inability of the significantly reduced level of DRB4/DRB4 to compensate for
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the loss of DRB1 and DRB2 function at the posttranscriptional level (Figure 4Q). In response
to reduced miR160 accumulation in drb12/1.0 µM roots, ARF10 expression was significantly
elevated and the expression of ARF16 and ARF17 mildly increased (Figure 4L–N). Interest-
ingly, although ARF target gene expression responded appropriately to reduced miR160
accumulation, the elevated abundance of the ARF10, ARF16, and ARF17 target transcripts
could not account for the phenotypic response displayed by the root system of the drb12 dou-
ble mutant following its treatment with 1.0 µM 2,4-D (Figure 4A–D). For example, ARF10
and ARF16 have both been shown to promote primary root development [12,13,54]. How-
ever, although the expression of both miR160 target genes was elevated in drb12/1.0 µM
roots, the primary root length was reduced. Similarly, ARF17 is the only miR160 target
associated with adventitious root development, mediating a repressive role in this context
via acting as a transcriptional repressor of the expression of its regulated ARGs [12,55,56].
Therefore, considering this documented role for ARF17, the elevated abundance of ARF17,
albeit mild, would be expected to repress adventitious root formation in drb12/1.0 µM
plants (Figure 4D,N). However, the average number of adventitious roots per drb12 plant
was significantly increased by the treatment of the drb12 double mutant with the higher
concentration of synthetic auxin (Figure 4A,D). These unexpected findings suggest that, in
the absence of DRB1 and DRB2 function, miR160 loses its regulatory ability to appropriately
control the expression of its ARF target genes for ARF10, ARF16, and ARF17 to continue to
mediate their normal functional roles in Arabidopsis root system development. Furthermore,
considering that most miRNA expression modules would be molecularly altered in the
drb12 double mutant, the phenotypic response displayed by the root system of drb12 plants
following their treatment with 1.0 µM 2,4-D could be the result of molecular alterations to
other miRNA expression modules, such as the miR156 and miR167 expression modules,
which have been associated with regulating adventitious root development [59,60], and the
miR390 and miR847 expression modules involved in regulating lateral root development
in Arabidopsis [61,62].

4.5. In Addition to DRB1 and DRB2, DRB4 Adds an Additional Layer of Regulatory Complexity
to the miR160 Expression Module in Arabidopsis Roots

Altered DRB4 expression in the roots of Col-0 (Figure 1Q), drb1 (Figure 2Q), drb2
(Figure 3Q), and drb12 (Figure 4Q) plants following the treatment of these four Arabidopsis
lines with synthetic auxin inferred that, in addition to its known requirement for the
production of the non-conserved subclass of miRNAs [28,33,34,38], and of tasiARF [52,53],
DRB4 is also required to fine tune the rate of production of the conserved miRNA, miR160,
in Arabidopsis roots. More specifically, in drb4 and drb24 roots, PRE-MIR160A and PRE-
MIR160B abundance was reduced and the accumulation of miR160 was significantly
elevated (Figure 5F,G,I). This showed that like the documented role played by DRB2 in
regulating the rate of production of specific miRNA subsets in Arabidopsis [35–38], DRB4
also plays a secondary role in regulating the rate of miR160 production, and that this occurs
via DRB4 antagonism of DRB1 function in the DCL1/DRB1 partnership to influence the
efficiency of miR160 precursor transcript processing. In addition, DRB4 has previously
been shown to be antagonistic towards the role of DRB2 in the production of the non-
conserved subclass of miRNAs and other subspecies of siRNAs in Arabidopsis [34,38]. Here,
the significantly elevated abundance of PRE-MIR160A, PRE-MIR160B, and PRE-MIR160C
in the roots of drb14 plants (Figure 5F–H), together with elevated miR160 accumulation
in the roots of this double mutant (Figure 5I), revealed that DRB4 is also antagonistic
towards the secondary role played by DRB2 to fine tune the rate of miR160 production in
Arabidopsis roots. Furthermore, DRB4 antagonism of DRB1 and DRB2 function in miR160
production appears to occur at the transcriptional level, as evidenced by the elevated
level of DRB1 expression in drb24 roots, and increased DRB2 expression in drb4 and drb14
roots (Figure 5O,P). In drb14 roots, the expression levels of ARF10, ARF16, and ARF17
were all significantly elevated (Figure 5L–N). Considering the known roles of ARF10,
ARF16, and ARF17 in regulating primary, lateral, and adventitious root development
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in Arabidopsis [12,13,40,44,54–58], these miR160 target gene expression trends would be
expected to promote primary and lateral root development and to repress adventitious root
development in the drb14 double mutant, respectively. However, opposing and therefore
unexpected root phenotypes were observed for drb14 plants. Moreover, the primary
root length was reduced, the lateral root number was mildly repressed, and adventitious
root formation was highly promoted in the drb14 double mutant (Figure 4A–D). When
considered together, these results suggest that the functional roles played by the ARGs
in root development which are under the transcriptional control of ARF10, ARF16, and
ARF17 become defective in the absence of DRB1 and DRB4 function in miR160 production.
This suggestion is further supported by comparison of the ARF10, ARF16, and ARF17
expression trends in drb24 roots (Figure 5L–N) and the root phenotypes displayed by
this double mutant background (Figure 5A–D). More specifically, this comparison again
suggests that the ability of the ARGs under the transcriptional control of ARF10, ARF16,
and ARF17 to direct their functional roles in controlling Arabidopsis root development is
lost in the absence of the involvement of DRB2 and DRB4 in miR160 production.

5. Conclusions

In this study, we molecularly profiled the miR160 expression module in the roots
of Col-0, drb1, drb2, and drb12 plants following the treatment of these four Arabidopsis
lines with 2,4-D. In the roots of 0.1 µM 2,4-D treated Col-0, drb1, and drb2 plants, the root
phenotype alterations displayed by these three Arabidopsis lines were associated with the
altered accumulation level of miR160, and the changes in the level of expression of its
target genes, ARF10, ARF16, and ARF17. More specifically, altered ARF10 and/or ARF16
expression was associated with promoted primary and lateral root development in Col-0,
drb1, and drb2 plants following their treatment with 0.1 µM 2,4-D, and, similarly, altered
ARF17 expression was associated with promoted adventitious root development in Col-
0/0.1 µM, drb1/0.1 µM, and drb2/0.1 µM plants. In contrast, such an association could
not be established for the drb12 double mutant following its treatment with either 0.1 or
1.0 µM 2,4-D, nor could such a relationship be established in Col-0, drb1, and drb2 plants
following their treatment with the higher concentration of 2,4-D. In addition, by performing
the same molecular profiling exercise of the miR160 expression module in the root systems
of drb4, drb14, and drb24 plants, we identified a previously unknown role for DRB4 in
regulating miR160 production in Arabidopsis. Taken together, the molecular data presented
here show that the correct function of DRB1, DRB2, and DRB4 is required to control miR160
production, and subsequently, to appropriately regulate ARF10, ARF16, and ARF17 target
gene expression, for normal root system development in Arabidopsis.
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