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Induction and secretion of acid phosphatases (APases) is an adaptive response that plants use to cope with P (Pi) deficiency in
their environment. The molecular mechanism that regulates this response, however, is poorly understood. In this work, we
identified an Arabidopsis (Arabidopsis thaliana) mutant, hps8, which exhibits enhanced APase activity on its root surface (also
called root-associated APase activity). Our molecular and genetic analyses indicate that this altered Pi response results from a
mutation in the AtTHO1 gene that encodes a subunit of the THO/TREX protein complex. The mutation in another subunit of
this complex, AtTHO3, also enhances root-associated APase activity under Pi starvation. In Arabidopsis, the THO/TREX
complex functions in mRNA export and miRNA biogenesis. When treated with Ag+, an inhibitor of ethylene perception, the
enhanced root-associated APase activity in hps8 is largely reversed. hpr1-5 is another mutant allele of AtTHO1 and shows similar
phenotypes as hps8. ein2 is completely insensitive to ethylene. In the hpr1-5ein2 double mutant, the enhanced root-associated
APase activity is also greatly suppressed. These results indicate that the THO/TREX complex in Arabidopsis negatively
regulates root-associated APase activity induced by Pi starvation by inhibiting ethylene signaling. In addition, we found that
the miRNA399-PHO2 pathway is also involved in the regulation of root-associated APase activity induced by Pi starvation.
These results provide insight into the molecular mechanism underlying the adaptive response of plants to Pi starvation.

Although phosphorus (P) is abundant in most soils, the
amount of inorganic P (Pi), themajor form of P that plants
assimilate, is limited (Raghothama, 2000). This is because
the majority of P in these soils exists as organophosphates
or is fixed with metals, which makes Pi highly immobile.
To copewith Pi deficiency, plants activate a set of adaptive
responses to reprioritize internal Pi use and to enhance
external Pi acquisition (Yuan and Liu, 2008). Induction
and secretion of acid phosphatases (APase) is a universal
response of plants to Pi starvation and is regarded as an
important way bywhich plants scavenge Pi from external
organophosphates (Tran et al., 2010a). Indeed, knockout
or overexpression of some APase genes significantly af-
fects plant utilization of external organic P (Hurley et al.,
2010; Robinson et al., 2012; Wang et al., 2009, 2011, 2014).

Pi starvation-induced (PSI) APases have been bio-
chemically characterized in several plant species (Tran
et al., 2010a) and have been extensively studied in Ara-
bidopsis (Arabidopsis thaliana; del Pozo et al., 1999; Zhu
et al., 2005; Veljanovski et al., 2006; Tran et al., 2010b;
Wang et al., 2011, 2014; Robinson et al., 2012; Del
Vecchio et al., 2014). Although there are 44 annotated
APase genes inArabidopsis (Li et al., 2002), three APases
(AtPAP10, AtPAP12, and AtPAP26) of the Arabidopsis
purple acid phosphatase (AtPAP) family together ac-
count for most of the PSI APase activity on the root
surface (also called root-associated APase activity)
(Wang et al., 2011, 2014; Robinson et al., 2012). Among
these three APases, AtPAP12 and AtPAP26 are also
major intracellular APases (Veljanovski et al., 2006;
Tran et al., 2010b; Robinson et al., 2012; Wang et al.,
2014). In contrast, AtPAP10 is mainly a secreted APase
and is predominantly associated with the root surface
after secretion (Wang et al., 2011). The triple knockout
atpap10/12/26 mutant retains only about 20% of the
root-associated APase activity of the wild type (Wang
et al., 2014). Suc and ethylene have been identified as
two positive regulators of PSI root-associated APase
activity (Lei et al., 2011a, 2011b; Yu et al., 2012; Wang
et al., 2012). Suc seems to act as a systemic signal that
moves from shoots to roots to regulate transcription of
AtPAP10mRNA while ethylene serves as a local signal
that mainly affects the secretion of AtPAP10 proteins or
AtPAP10 enzymatic activity on the root surface (Zhang
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et al., 2014). In bacteria and yeast, the signaling path-
way involved in this Pi scavenging system, the
so-called PHO regulon, has been well established
(Lenburg and O’Shea, 1996; Wanner, 1996). Although a
plant PHO regulon had also been proposed (Goldstein
et al., 1988), a different and more complex regulatory
network is believed to control PSI root-associated
APase activity in higher plants. Ethylene, for example,
plays an important role in the regulation of root-
associated APase in Arabidopsis but is not found in
bacteria and yeast (Lei et al., 2011b; Wang et al., 2012;
Yu et al., 2012).

MicroRNAs (miRNAs), which have 21 to 24 nucleo-
tides, are a class of small regulatory RNAs. Biogenesis
of miRNAs requires the activity of RNA polymerase II,
which produces complementary, long, dsRNA precur-
sors; these precursors are cleaved by DICER-LIKE
(DCL) proteins and processed into mature miRNAs
(Margis et al., 2006). The cleaved double-stranded
miRNAs then become associated with ARGONAUTE
proteins to inhibit the expression of their target genes
through either degradation of target mRNAs or block-
age of protein translation (Mallory and Vaucheret,
2006). These small RNAs participate in a variety of bio-
logical processes, including plant responses to external
stresses. Several miRNAs have been determined to be
involved in plant responses to nutrient deficiency. The
level ofmiRNA395, for example, is up-regulated during
plant responses to sulfur deprivation (Liang et al.,
2010). This miRNA targets two families of genes, ATP
sulfurylases and sulfate transporter 2;1, both of which
are involved in sulfate metabolism. miRNA827 targets
the mRNA of NITROGEN LIMITATION ADAPTA-
TION, which encodes a ubiquitin E3 ligase (Kant et al.,
2011). Interestingly, miRNA827 transcription is specif-
ically induced by Pi deprivation. Subsequent research
demonstrated that miRNA827 modulates Pi trans-
porter activity by affecting the NITROGEN LIMITA-
TION ADAPTATION-mediated degradation of Pi
transporters (Lin et al., 2013). The miRNA whose
function in response to nutrient deficiency has been best
characterized is miRNA399 (Kuo and Chiou, 2011).
miRNA399 is rapidly induced by Pi deficiency. It tar-
gets PHO2 mRNA, which encodes a ubiquitin E2 con-
jugase. When plants are exposed to Pi deficiency,
increasedmiRNA399 enhances plant Pi uptake capacity
by reducing the level of PHO2 proteins, thus stabilizing
the Pi transporters on the root surface (Huang et al.,
2013). Under Pi sufficiency, overexpression of
miRNA399 or knockout of PHO2 leads to an over-
accumulation of Pi in shoots. Although the role of the
miRNA399-PHO2 pathway in Pi signaling has been well
established, to date, its specific function in the control of
PSI root-associated APase activity remains unknown.

In this work, we identified an Arabidopsis mutant,
hps8, with enhanced PSI root-associated APase activity.
The mutant phenotypes are caused by a mutation in
AtTHO1, which encodes a component of the THO/
TREX complex; this complex is involved in the export
of mRNAs from the nucleus and in the biogenesis of

miRNAs and siRNAs in Arabidopsis (Furumizu et al.,
2010; Jauvion et al., 2010; Yelina et al., 2010). Our re-
search indicates that the THO/TREX complex nega-
tively regulates PSI root-associated APase activity by
suppressing ethylene signaling. The analysis of miRNA
expression profiles in hps8 also led us to discover that
the miRNA399-PHO2 module is another important
regulator of PSI root-associated APase activity.

RESULTS

Characterization of the Arabidopsis Mutant hps8

To identify novel molecular components involved in
the control of PSI root-associated APase activity, we
performed a genetic screen for Arabidopsis mutants
with altered APase activity on the root surface. Arabi-
dopsis seeds harvested from EMS-mutagenized plants
were sown on Pi-deficient (P2) medium. Eight days
after seed germination, an agar solution containing an
APase substrate, 5-bromo-4-chloro-3-indolyl-P (BCIP),
was overlaid on the roots of the seedlings. The cleavage
of the substrate by the APases produces a blue precip-
itate. On the root surface of wild-type seedlings grown
on Pi-sufficient (P+) medium, no blue staining was
detected (Fig. 1A). In contrast, blue staining occurred
on the root surface of wild-type seedlings grown on P2

medium. Using this method, we identified an Arabi-
dopsis mutant that showed enhanced BCIP staining on
its root surface compared to that of the wild type under
Pi deficiency (Fig. 1A). The mutant was designated
hypersensitive to Pi starvation8 (hps8). hps8 also displayed
light-blue staining when grown on P+ medium (Fig.
1A). The enhanced root-associated APase activity in
hps8was confirmed by quantitative analysis using BCIP
as a substrate (Fig. 1B). To understand the cause of the
enhanced root-associated APase activity in hps8, we
analyzed the transcription of three major APase genes:
AtPAP10, AtPAP12, and AtPAP26. The results showed
that the transcription of these three APase genes in hps8
did not significantly differ from that of the wild type
under P+ condition; under P2 condition, however, the
transcription of AtPAP10 and AtPAP12 was reduced
30% and 50%, respectively, in hps8, whereas transcrip-
tion of AtPAP26 was unchanged (Supplemental Fig.
S1). Interestingly, the total root intracellular APase ac-
tivity of the wild type did not significantly differ from
that of hps8 (Fig. 1C). These results suggested that the
enhanced root-associated APase activity in hps8 might
be due to altered posttranslational processes, such as
increased secretion of APase proteins or increased
APase enzymatic activity on the root surface.

Pi deficiency reduces primary root growth and en-
hances the production of lateral roots and root hairs
(Williamson et al., 2001; Linkohr et al., 2002). The
growth of the primary root of the wild type and hps8
was similar on agar plates regardless of Pi conditions
(Fig. 2A). The length of root cells and the size of the root
apical meristem were also similar in the wild type and
hps8 (Supplemental Fig. S2). On P+ medium, however,
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the hps8 seedlings had fewer and shorter lateral roots
than the wild type. This difference in lateral roots was
not evident when plants were grown on P2 medium.
hps8 also produced more and longer root hairs than the
wild type under both P+ and P2 conditions (Fig. 2B).

When grown in soil, hps8 plants were smaller than the
wild type and had serrated leaves (Fig. 3D).

The contents of total P and cellular Pi in shoots and
roots did not significantly differ between hps8 and the
wild type (Supplemental Fig. S3).

HPS8 Encodes a Subunit of the THO/TREX Complex

Analyses of F1 and F2 progeny derived from a cross
between hp8 and a wild-type plant indicated that the
mutant phenotypes of dark-blue BCIP-staining, en-
hanced root hair production, and small plant size were
closely linked and could be attributed to a single reces-
sive mutation. A map-based cloning approach was used
to identify the molecular lesion in hps8. Using a set of
molecularmarkers (Supplemental Table S1),wemapped
the hps8 mutation to a 74-kb region on chromosome
5 (Supplemental Fig. S4). After all 20 annotated genes in
this interval were sequenced, a point mutation was
found in the first exon of the AtTHO1 gene (At5G09860;
(Fig. 3A). This mutation caused a single nucleotide
change of C to T, resulting in a conversion of an Arg to a
stop codon. The introduced premature stop codon was
located at the position of the 10th amino acid, which
terminated the translation of almost the entire AtTHO1
protein. Hereafter, we refer to HPS8 as AtTHO1.

Figure 1. Analysis of Pi starvation-induced root APase activity in 8-d-
old Arabidopsis seedlings of the wild type and hps8. A, Histochemical
staining of APase activity on the root surface of the seedlings using BCIP
as a substrate. B, Root surface-associated APase activity as determined
with BCIP as the substrate. C, Root intracellular APase activity as de-
termined with BCIPas the substrate. Values in B and C represent means
with SE of three replicates. Asterisks indicate significant difference (P ,
0.05) from the wild type according to Student’s t test.

Figure 2. Root morphological phenotypes of 8-d-old Arabidopsis
seedlings of the wild type and hps8 grown under Pi sufficiency (P+) and
deficiency (P2) conditions. A, Thewhole seedlings showing root growth
characteristics. B, Patterns of root hair formation.
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AtTHO1 shares homology with HPR1, a subunit of
the THO/TREX protein complex that is conserved in
yeast, animals, and humans. This protein complex
functions in transcription elongation andmRNA export
from the nucleus (Strässer et al., 2002; Rehwinkel et al.,
2004; Katahira, 2012). The THO/TREX complex con-
sists of seven subunits, and the counterparts of all seven
subunits have been found in Arabidopsis. Five inde-
pendently identified mutant alleles of AtTHO1 (attho1,

hpr1-1, emu, hpr1-4, and hpr1-5) were previously reported
(Yelina et al., 2010; Jauvion et al., 2010; Furumizu et al.,
2010; Pan et al., 2012; Xu et al., 2015). Like hps8, the mu-
tants attho1, hpr1-4, and hpr1-5 exhibited enhanced BCIP
staining on their root surfaces and produced more root
hairs than the wild type under both P+ and P2 conditions
(Fig. 3, B and C; data not shown). These results suggested
that hps8 was another mutant allele of AtTHO1.

To further confirm that the mutant phenotypes of
hps8were caused by the mutation in the AtTHO1 gene,
we introduced the wild-type genomic sequence of
AtTHO1 into hps8 plants under the control of the Cau-
liflower Mosaic Virus 35S (CaMV 35S) promoter. The
expression of the wild-typeAtTHO1 gene fully restored
the mutant phenotypes of hps8 with respect to BCIP
staining, root hair production, and plant size (Fig. 3, B–
D). Taken together, our results demonstrated that the
mutation in the AtTHO1 gene was responsible for all of
the hps8 phenotypes.

AtTHO1 Is Ubiquitously Expressed and Is Localized in
the Nucleus

To analyze the expression patterns of AtTHO1, we
performed qPCR using RNAs extracted from different
tissues. The results showed that AtTHO1 expression
was higher in flowers and siliques than in roots, stems,
and leaves and was similar among the latter three or-
gans (Fig. 4A). The expression of AtTHO1 mRNA was
slightly increased by Pi starvation in roots but not in
shoots (Fig. 4B).

To determine the subcellular localization of AtTHO1
protein, we fused a GFP gene to the N terminus of
AtTHO1 and transformed this fusion gene into wild-type
plants under the control of the CaMV 35S promoter. In
the root cells of the transgenic plants, a strong green
fluorescence signalwas observed in the nucleus (Fig. 4C),
indicating that AtTHO1 is a nuclear-localized protein.

The THO/TREX Complex Negatively Regulates PSI
Root-Associated APase Activity

In Arabidopsis, four of the seven subunits of the
THO/TREX complex (AtTHO1, AtTHO2, AtTHO3,
and AtTHO6) are encoded by a single gene. The ho-
mozygote mutant of AtTHO2 (At1g24706) is embryo-
lethal (Furumizu et al., 2010). To investigate whether
the other two subunits of THO/TREX complex are in-
volved in the regulation of PSI root-associated APase
activity, we analyzed the effects of mutations of
AtTHO3 (At5g56130) and AtTHO6 (At2g19430) genes.
attho3 behaved like hps8 in exhibiting enhanced BCIP
staining and overproduction of root hairs, but attho6
looked like the wild type (Fig. 5). These results indi-
cated that the Arabidopsis THO/TREX complex nega-
tively regulates PSI root-associated APase activity and
that different components of this complex contribute
differently to plant responses to Pi starvation.

Figure 3. Molecular and genetic analyses of hps8. A, A diagram
showing the structure of theAtTHO1 gene and the positions of the point
mutation in the hps8 and hpr1-5mutants and the insertions in the attho1
and hpr1-4mutants. The black box and the horizontal line represent the
exons and introns, respectively. The positions of start (ATG) and stop
(TGA) codons are shown. B, Histochemical staining of APase activity on
the root surface of 8-d-old seedlings of thewild type, hps8, attho1, hpr1-
4, hpr1-5, and 35S:AtTHO1 grown on P+ medium. C, Root hair patterns
of the seedlings corresponding to those shown in B. D, Morphologies of
3-week-old plants of the wild type, hps8, and 35S:AtTHO1 grown in
soil.
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The hps8 Phenotypes Are Largely Reversed by the
Inhibition of Ethylene Signaling

We previously showed that ethylene is a positive
regulator of PSI root-associated APase activity (Lei et al.,
2011b;Wang et al., 2012; Yu et al., 2012). Because the hpr1
mutants (hpr1-4 and hpr1-5) exhibit enhanced ethylene
signaling (Pan et al., 2012., Xu et al., 2015), we wondered
whether the hps8 mutant phenotypes were caused by
enhanced ethylene signaling. Therefore, we first exam-
ined the effects of Ag+, an inhibitor of ethylene percep-
tion, on the PSI root-associated APase activity and root
hair production in hps8. The seeds of the wild type and
hps8 were directly sown on P+ and P2 media with or
without 10 mM Ag+, and phenotypes were analyzed 8 d
after germination. Addition of Ag+ largely blocked the
production of root hairs in the wild type under both P+

and P2 conditions and reduced the BCIP staining on the
wild-type root surface (Fig. 6A). For hps8, addition of Ag+

completely suppressed BCIP staining on the root surface
on P+ medium and largely reduced such staining on P2

medium. On P2 medium with Ag+, however, the BCIP
staining of hps8 was still stronger than that of the wild
type. We also found that Ag+ could substantially reverse
the enhanced production of root hairs by hps8under both
P+ and P2 conditions, although the inhibition was not as
complete as that observed for the wild type (Fig. 6B).

To obtain additional evidence that the enhancedAPase
activity and root hair production in hps8 was due to the
increased ethylene signaling, we examined the root-
associated APase activity and root hair phenotypes in
an hpr1-5 single mutant and in hpr1-5ein2 and hpr1-5ein3
double mutants. EIN2 and EIN3 are two positive regu-
lators of ethylene signaling (Zhao and Guo, 2011). ein2 is
completely insensitive to ethylene while ein3 is only
partially insensitive to ethylene. hpr1-5 exhibited pheno-
types similar to those of hps8 in terms of enhanced root-
associated APase activity and root hair production (Fig.
7). In hpr1-5ein2, the enhanced root hair production and
root-associated APase activity were greatly suppressed
under both P+ and P2 conditions. In hpr1-5ein3, however,
the enhanced root-associatedAPase activity and root hair
production were only slightly suppressed under Pi suf-
ficiency. This was probably because loss of EIN3 function
does not completely block ethylene signaling.

Taken together, these results indicated that increased
ethylene signaling is largely responsible for the en-
hanced PSI root-associated APase activity and root hair
production in hps8.

Regulated miRNA Biogenesis Is Important for the Control
of PSI Root-Associated APase Activity

Because the altered ethylene signaling was not com-
pletely responsible for enhanced root-associated APase
activity in hps8, we inferred that other factors must con-
tribute to thismutant phenotype. Previous study showed
that mutation in AtTHO1 reduced the accumulation of
several miRNAs (Furumizu et al., 2010), suggesting that
regulated biogenesis of miRNAs is important for the

Figure 4. Expression pattern and subcellular localization of AtTHO1.
A, Relative expression levels of AtTHO1mRNA in roots, stems, leaves,
flowers, and siliques. B, Relative expression levels of AtTHO1mRNA in
shoots and roots of 8-d-old wild-type seedlings grown under P+ and P2

conditions. Asterisks indicate values that are significantly different from
that of the wild type under the same growing conditions (Student’s t test,
P , 0.05). C, Subcellular localization of GFP-AtTHO1 in roots of
transgenic plants. Top, Root meristem and elongation zones (left) and
maturation zone (right). Bottom, a magnified view of the meristematic
region at the root tip (left) and near the elongation zone (right).
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proper control of PSI root-associated APase activity.
To test this hypothesis, we first examined root-
associated APase activity in five mutants with de-
fects in miRNA biogenesis. In Arabidopsis, the genes
ABH1, HASTY, SE, DCL1, and HYL1 are involved in
the processing of pri-miRNA to mature miRNA (Yang
et al., 2006; Laubinger et al., 2008; Dong et al., 2008).
The mutants for these five genes all displayed reduced
root-associated APase activity under Pi deficiency as
shown by BCIP staining (Supplemental Fig. S5), indi-
cating that regulated miRNA biogenesis is important

for the control of PSI root-associated APase activity
(although the phenotypes of these mutants were op-
posite to those of hps8).

The Expression Profiles of miRNAs Are Altered in hps8

Next, we investigated how the mutation of AtTHO1
affects the accumulation of miRNAs at the genomic
level. The abundance of mature miRNAs in the wild
type and hps8 was compared using the miRNA-seq

Figure 5. Root surface-associated
APase activity and root hair patterns
in various mutants. A, BCIP staining
of APase activities on the root sur-
face of 8-d-old seedlings of the
wild type, hps8, attho3, and attho6
grown on P+ and P2 media. B, Pat-
terns of root hairs in the seedlings
corresponding to those in A.

Figure 6. Effects of the ethylene
perception inhibitor Ag+ on the
root-associated APase activity and
root hair production in thewild type
and hps8. A, BCIP staining of root-
associated APase activity of 8-d-old
seedlings of the wild type and hps8
grown on P+ and P2mediumwith or
without addition of 10 mM Ag+. B,
Root hair patterns of the seedlings
corresponding to those shown in A.
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technique. Total RNAs were extracted from the roots of
8-d-old seedlings grown under P+ and P2 conditions.
The RNA samples were fractionated by electrophoresis,
and the RNAs with 20 to 50 nucleotides were isolated
and subjected to RNA deep sequencing. For four
miRNA samples, we generated a total of 83,350,440
short reads (Supplemental Table S2). After the low
quality data were filtered, more than four million reads

per sample were used to map miRNAs in the Arabi-
dopsis genome (TAIR 9.0). Among the reads for each
sample, 79% to 85% could be aligned with the reference
genome with perfect match (Supplemental Table S2).
Two-hundred-thirty-one annotated miRNAs were
detected in the sequenced samples, indicating a robust
coverage of miRNAs. We first compared the miRNA
expression profiles of thewild type grown under P+ and

Figure 7. The root-associated APase activity and
root hair production of the wild type and various
mutants grown under P+ and P2 conditions. A,
Histochemical staining using BCIPas a substrate of
APase activity on the root surface of 8-d-old
seedlings. B, Root hair patterns of 8-d-old seed-
lings.

Plant Physiol. Vol. 171, 2016 2847

The THO/TREX Complex and APase Activity

http://www.plantphysiol.org/cgi/content/full/pp.16.00680/DC1
http://www.plantphysiol.org/cgi/content/full/pp.16.00680/DC1


P2 conditions. The differences in expression level be-
tween the two kinds of samples were represented with
log2-transformed ratio. After normalization, only the
miRNAs with more than 1 read/per million of mapped
readswere used for comparison, and the log2 value of at
least 1 was used as the cutoff to select miRNAs that

differentially accumulated in P+ and P2 wild-type
seedlings (P value # 0.01). Based on these criteria,
43 miRNAs were up-regulated and 23 miRNAs were
down-regulated (Supplemental Table S3) in the roots
of Pi-starved wild-type plants. The up-regulation of
miRNA156, miRNA157, miRNA167, miRNA172,
miRNA399, miRNA827, and miRNA2111, and the
down-regulation of miRNA169 and miRNA395 were
consistent with previous reports (Pant et al., 2009;
Hsieh et al., 2009), indicating that the experimental
condition we used for RNA-seq analysis was proper.
We then compared the miRNA levels between the wild
type and hps8 under normal growth conditions. Both
enhanced and reduced accumulation of miRNAs were
observed in hps8, indicating that the THO/TREX
complex can both positively and negatively regulate the
biogenesis of miRNAs. Finally, we examined the levels
of the up- and down-regulated miRNAs in hps8 grown
under P- condition. As shown in Supplemental Table
S3, the accumulation of miRNA397, miRNA398,
miRNA399, and miRNA408 was higher in P- hps8 than
in P2 wild type. Among the down-regulated miRNAs
in P2 wild type, the abundance of miRNA169 and
miRNA395 was further down-regulated in P2 hps8.

Among these differentially expressed miRNAs,
miRNA399 plays a critical role in regulating Pi ho-
meostasis in plants (Pant et al., 2008). In our RNA-seq
analyses, we also found that the different members of
the miRNA399 family were differentially induced by Pi
starvation, i.e. miRNA399b, 399c, and 399f were the
major contributors to the total amount of induced
miRNA399s. Compared to their levels in P+ wild type,
the levels ofmiRNA399b, 399c, and 399f were enhanced
30-, 31-, and 155- fold, respectively, in P2 wild type. In
P2 hps8, however, the induction of these three miRNAs
was increased by 39-, 38-, and 211-fold, respectively
(Supplemental Table S3). The enhanced accumulation
of these three mature miRNA399s in hps8 was con-
firmed by qPCR (Fig. 8).

The miRNA399-PHO2 Pathway Is Involved in the
Regulation of PSI Root-Associated APase Activity

Our comparative miRNA-seq analyses suggested
that the alteration of miRNA levels might affect
root-associated APase activity. We then examined
the root-associated APase activity in a miRNA399b-
overexpressing line (hereafter referred as miRNA399
OX). There was no blue staining on the root surface of
miRNA399b OX on P+ medium (Fig. 9A); under Pi
starvation, however, BCIP stainingwasmuch stronger
on the root surface of miRNA399 OX than of the wild
type. PHO2 mRNA encodes a ubiquitin E2 conjugase
and is the direct target of miRNA399. Thus, the phe-
notype of the pho2 mutant would be expected to be
similar to that of miRNA399 OX. Indeed, pho2-1 (here-
after referred as pho2), which contains a point muta-
tion in the sixth exon of the PHO2 gene (Aung et al.,
2006), also showed enhanced BCIP staining on its root

Figure 8. qPCR analysis of relative levels of three mature miRNA399s
in the roots of 8-d-old seedlings of the wild type and hps8 grown under
P+ and P2 conditions. Values are means 6 SE with three replicates.
Asterisks indicate that the mean is significantly different from that of the
wild type (t-test, P , 0.05).
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surface under Pi deficiency (Fig. 9A). The enhanced
root-associated APase activity in miRNA399 OX and
pho2 was confirmed by quantitative analysis of APase
activity using BCIP as the substrate (Fig. 9B). To deter-
mine the cause of the enhanced root-associated APase
activity in miRNA399 OX and pho2, we analyzed the
transcription of three major APase genes: AtPAP10,
AtPAP12, and AtPAP26. The results showed that the
transcription of these three APase genes did not differ
from that of the wild type under Pi sufficiency
(Supplemental Fig. S6); under Pi deficiency, however,
the transcription of AtPAP10 and AtPAP12 was slightly
but significantly increased in miRNA399 OX and pho2
while that ofAtPAP26 remained unchanged. As was the
case with hps8, total root intracellular APase activity of
miRNA399 OX and pho2 did not significantly differ from
that of the wild type under both P+ and P2 conditions
(Fig. 9C). These results suggested that the miRNA399-
PHO2 pathway positively regulates the secretion of
APase proteins or their enzymatic activities on the root
surface. Unlike hps8 and other ethylene-related mutants,
miRNA399 OX and pho2 did not overproduce root hairs
under normal growth conditions (Supplemental Fig. S7).

DISCUSSION

Induction and secretion of APases is an important
strategy that plants use to cope with Pi deficiency in their
environment. The regulatory mechanism underlying this
adaptive response, however, has been largely unknown.
To identify the molecular components involved in the
regulation of PSI root-associated APase activity, we per-
formed a genetic screen for Arabidopsis mutants with
altered root-associated APase activity. From this screen,
we obtained a series of hps (hypersensitive to Pi starvation)
mutants with enhanced root-associated APase activity.
hps2 is a new allele of CTR1, which is a key regulator of
ethylene signaling (Lei et al., 2011a, 2011b). Knockout of
the CTR1 gene causes plants to display constitutive eth-
ylene responses (Kieber et al., 1993). HPS3 encodes
ETHYLENE OVERPRODUCTION1 (Wang et al., 2004,
2012), which, when mutated, results in the overproduc-
tion of ethylene in Arabidopsis seedlings. hps4 contains a
mutation in the SABRE gene. The SABRE protein was
found to antagonistically interact with ethylene signaling
to regulate Pi responses (Yu et al., 2012).We also obtained
mutants with enhanced root-associated APase activity
that did not result from altered ethylene biosynthesis or
signaling. These mutants included hps7, hps9, and hps10.
HPS7 is a tyrosylprotein sulfotransferase that suppresses
the expression of many photosynthetic genes in roots
(Kang et al., 2014). For hps9 and hps10, the mutated genes

Figure 9. Analysis of Pi starvation-induced root APase activity in 8-d-
old Arabidopsis seedlings of the wild type, miRNA399 OX, and pho2
grown under P+ and P2 conditions. A, Histochemical staining of APase
activity on the root surface of the seedlings using BCIPas a substrate. B,

Root surface-associated APase activity as determined with BCIP as the
substrate. C, Root intracellular APase activity as determined with BCIP
as the substrate. Values in B and C represent means with SE of three
replicates. Asterisks indicate a significant difference (P, 0.05) from the
wild type according to Student’s t-test.
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responsible for enhanced root-associated APase activity
encode proteins localized in the Golgi apparatus and
tonoplasts, respectively (unpublished data). These results
indicated that the induction of root-associated APase ac-
tivity by Pi starvation is regulated by multiple pathways.

In this work, we identified an Arabidopsis mutant,
hps8, based on the alteration of root-associated APase
activity. hps8 has enhanced root-associated APase ac-
tivity under both Pi sufficiency and deficiency (Fig. 1).
Although the transcription of two major APase genes,
AtPAP10 and AtPAP12, was slightly changed, the total
intracellular APase activity in hps8 is similar to that of the
wild type. This suggested that the enhanced PSI root-
associated APase activity in hps8 is due to the in-
creased secretion of APase proteins or to the increased
enzymatic activity of APases on the root surface. Com-
pared to the wild type, this mutant also produces more
root hairs and has smaller plant stature (Figs. 2 and 3).
Our molecular and genetic analyses demonstrated that
thesemutant phenotypes result from a pointmutation in
the AtTHO1 gene (Fig. 3). AtTHO1 shares homology
with HPR1, a subunit of the THO/TREX protein com-
plex that is highly conserved in yeast, animals, and hu-
mans (Strässer et al., 2002; Rehwinkel et al., 2004;
Katahira, 2012). In these organisms, the THO/TREX
complex functions in transcription elongation andmRNA
export from the nucleus. Previous research provided ev-
idence that this complex also exists in Arabidopsis. First,
the genes encoding all seven subunits of the THO/TREX
complex have been identified in the Arabidopsis genome
(Yelina et al., 2010). Second, the proteins corresponding to
the six subunits of this complex have been found in the
nuclei of Arabidopsis cells (Yelina et al., 2010). Our results
also confirmed that AtTHO1 is a nucleus-localized pro-
tein (Fig. 4). Third, mutation in two subunits of this
complex, AtTHO1 and AtTHO3, results in similar de-
velopmental defects and impaired biogenesis of tasiRNAs
(Yelina et al., 2010; Jauvion et al., 2010). We also found
that themutants attho1 and attho3 both overproduce roots
hairs and have enhanced root-associated APase activity
under P+ andP2 conditions (Fig. 5), further indicating that
AtTHO1 and AtTHO3 exist as subunits of the same pro-
tein complex in Arabidopsis. In addition to functioning in
mRNA export in Arabidopsis (Pan et al., 2012; Xu et al.,
2015), this THO/TREX complex is involved in the bio-
genesis of miRNA (Yelina et al., 2010; Jauvion et al., 2010;
Furumizu et al., 2010). As observed in the other mutant
alleles of the AtTHO1 gene, the abundance of several
miRNAs is altered in hps8 (Supplemental Table S3). In-
terestingly, the defects in the THO/TREX complex can
either enhance or reduce the accumulation of mature
miRNAs. This indicates that the roles of the THO/TREX
complex in regulating miRNA biogenesis could differ
depending on the species of miRNA.

As noted earlier, we previously demonstrated that
ethylene is a positive regulator of root-associated APase
activity induced by Pi starvation by analyzing the three
hps mutants: hps2, hps3, and hps4 (Lei et al., 2011a,
2011b; Wang et al., 2012; Yu et al., 2012). All of these
mutants show enhanced root-associated APase activity

under Pi starvation. They also exhibit light-blue BCIP
staining on their root surfaces, and they overproduce root
hairs under normal growth conditions.Moreover, the total
root intracellularAPase activities of these threemutants do
not significantly differ from that of the wild type under Pi
deficiency, indicating that ethylene mainly affects the se-
cretion of APases or the enzymatic activity of APases on
the root surface. The APase phenotype of hps8 is very
similar to the APase phenotypes of these three hps mu-
tants, suggesting that the enhanced root-associated APase
activity in hps8 might also result from enhanced ethylene
signaling due to a mutation in the AtTHO1 gene. Consis-
tentwith this inference, hpr1-4 (amutant allele ofAtTHO1)
has enhanced sensitivity to ethylene-induced senescence
(Pan et al., 2012). Recently, Xu et al. (2015) reported that
hpr1-5, another mutant allele of AtTHO1, has enhanced
ethylene signaling. They further showed that AtTHO1
regulates the expression ofREVERSION-TO-ETHYLENE1,
which represses ethylene responses by promoting the
activity of the ethylene receptor ETR1. When AtTHO1
is mutated, it reduces the expression of REVERSION-
TO-ETHYLENE1, which derepresses ethylene responses
by suppressing the activity of ETR1. Our experi-
ments using the ethylene-perception inhibitor Ag+ sug-
gest that the enhanced root-associated APase activity in
hps8 is mainly caused by increased ethylene signaling
(Fig. 6). Furthermore, we found that the enhanced root-
associated APase activity in hpr1-5 is reversed in the
hpr1-5ein2 and hpr1-5ein3 double mutants (Fig. 7). ein2
and ein3 are two ethylene-insensitive mutants that have
defects in ethylene signaling (Zhao and Guo et al.,
2011). ein2 is completely insensitive to ethylenewhereas
ein3 is only partially insensitive to ethylene. The levels
of suppression of enhanced root-associated APase ac-
tivity and root hair production in these two double
mutants are correlated with the degree of their insen-
sitivity to ethylene (hpr1-5ein2 . hpr1-5ein3). This ex-
periment provided additional evidence that the
enhanced root-associated APase activity in hps8 results
from the increased ethylene signaling. Although in-
creased root hair production may also contribute to the
total root-associated APase activity in hps8, the en-
hanced BCIP staining in nonroot hair cells further in-
dicated that the enhanced root-associated APase
activity in hps8 was mainly due to the direct regulation
by ethylene signaling. Based on these results, we con-
clude that the THO/TREX complex negatively regu-
lates PSI root-associated APase activity by suppressing
ethylene signaling.

Enhanced ethylene biosynthesis or signaling has pre-
viously been shown to inhibit primary root growth
(R�uzicka et al., 2007). Interestingly, this inhibition is not
evident in hps8. We speculate that the enhancement of
ethylene signaling in hps8 is too weak to inhibit primary
root growth but is strong enough to enhance root hair
production. In otherwords, production of root hairsmight
be more sensitive than primary root growth to ethylene.

Although enhanced ethylene signaling is largely
responsible for the hps8 mutant phenotypes, the appli-
cation of Ag+ did not completely reverse enhanced
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root-associated APase activity in hps8. Similarly, in
hpr5-1ein2, the enhanced root-associated APase activity
is not completely suppressed. These results suggest that
other factors must also contribute to hps8 mutant phe-
notypes. Because the THO/TREX complex is involved
in the biogenesis of miRNAs, we wondered whether
miRNA homeostasis is important in regulating PSI
root-associated APase activity. Indeed, we found that
the five Arabidopsis mutants with defects in miRNA
biogenesis had reduced root-associated APase activity
(Supplemental Fig. S5). We then investigated whether
the altered expression of miRNAs could affect the root-
associated APase activity. Our miRNA-seq analyses
revealed that the levels of 22 miRNA species, including
several members ofmiRNA399 family, were elevated in
hps8 under both P+ and P2 conditions (Supplemental
Table S3). miRNA399 has been shown to play a critical
role in the maintenance of Pi homeostasis in plants (Liu
et al., 2012; Huang et al., 2013). This prompted us to
examine the phenotypes of the miRNA399 OX and the
mutant of the PHO2 gene whose mRNA is the direct
target of miRNA399. Our results showed that the
miRNA399 OX and pho2 mutants both display en-
hanced root-associated APase phenotypes under Pi
starvation. These results also demonstrate that the en-
hancement of root-associated APase activity caused by
overexpression of miRNA399 is likely to be mediated
by the degradation of PHO2mRNA. Zhang et al. (2011)
also reported that root-associated APase activity is en-
hanced in the pho2 mutant of rice, providing another
line of evidence for the involvement of the miRNA399-
PHO2 pathway in the control of PSI root-associated
APase activity. However, miRNA399 OX and pho2 did
not show light-blue BCIP staining under normal
growth conditions (Fig. 9). In addition, ethylene does
not affect the transcription of AtPAP10 under P2 con-
dition (Zhang et al., 2014), but the transcription of
AtPAP10 is increased in miRNA399 OX and pho2
(Supplemental Fig. S6). These results suggest that the
molecular mechanism by which the miRNA399-PHO2
pathway regulates the induction of root-associated
APase activity by Pi starvation may be independent
of ethylene production.
Finally, although the analysis of hps8 led us to dis-

cover the role of miRNA399-PHO2 pathway in the
regulation of PSI root-associated APase activity,
the results do not seem to indicate a direct link between
the increased expression of miRNA399 and enhanced
root-associated APase activity in hps8. These results
include: (1) Pi overaccumulates in miRNA399 OX and
pho2 shoots but not in hps8 shoots (Supplemental Fig.
S3); and (2) In hps8, the level of PHO2 mRNA, which is
the direct target of miRNA399, is not significantly re-
duced compared to that of the wild type (data not
shown). Of course, we cannot exclude the possibility
that a mild increase in the expression of miRNA399 is
insufficient to perturb the Pi homeostasis in shoots but
is sufficient to enhance PSI root-associated APase ac-
tivity. Therefore, further investigation is needed to find
components in addition to enhanced ethylene signaling

that contribute to the increased root-associated APase
activity in hps8.

In summary, we identified an Arabidopsis mutant,
hps8, with enhanced PSI root-associated APase activity.
The hps8 mutant carries a mutation in the THO/TREX
complex, a complex that is involved in mRNA export
and miRNA biogenesis in Arabidopsis. Subsequent
analyses of hps8 indicated that the THO/TREX complex
negatively regulates root-associated APase activity by
suppressing ethylene signaling. In hps8, the expression
of several miRNAs is altered, including the enhanced
expression of miRNA399. The characterization of hps8
also led us to discover that the miRNA399-PHO2 sig-
naling pathway is involved in the regulation of PSI
root-associated APase activity. The next challenge will
be to elucidate how the ethylene signaling and
miRNA399-PHO2 pathways regulate this important
adaptive response of plants to Pi starvation.

MATERIALS AND METHODS

Plant Growth Conditions

Arabidopsis (Arabidopsis thaliana) plants of the Columbia ecotype were used
as thewild type in this study. Half-strengthMSmediumwith 1% (w/v) Suc and
1.2% (w/v) agar (Cat. no. A1296; Sigma-Aldrich) was used as the Pi-sufficient
(P+) medium. The Pi-deficient medium (P2) was made by replacing the
0.625 mM KH2PO4 with 0.625 mM K2SO4 in the P+ medium. Seeds were surface-
sterilizedwith 20% (v/v) bleach for 15min. After four washes in sterile-distilled
water, seeds were sown on petri plates containing P+ or P2 medium. After the
seeds were stratified at 4°C for 2 d, the agar plates were placed vertically in a
growth room at 22 to 24°C and with a photoperiod of 16 h of light and 8 h of
darkness. The light intensity was 100 mmol m22 s21.

Mutant Isolation

Approximately 100,000 EMS-mutagenized M2 seeds representing 6000 M1
plant lines were used for mutant screening. After the seedlings had grown on
P2medium for 8 d, the roots were overlaid with a 0.5% agar solution containing
0.01% BCIP for 24 h at 23°C (Wang et al., 2011).The seedlings with enhanced
BCIP staining relative to the wild type were identified as putative mutants and
were transferred to soil. The plants were self-pollinated to produce progeny,
and the mutant phenotypes were retested in the next generation. The mutants
were back-crossed to the wild-type plants two times before they were further
characterized.

Analysis of Root APase Activity

Histochemical and quantitative analyses of root intracellular and root-
associated APase activities were performed as described by Wang et al. (2011).

Molecular Cloning of the HPS8 Gene

The mutant hps8 was crossed to a plant of the Landsberg erecta ecotype to
generate a mapping population. The F2 progeny that displayed dark-blue BCIP
staining on their root surfaces were selected, and DNAs from these seedlings
were extracted for molecular mapping. A set of SSLP and CAPS markers was
used to map the HPS8 gene. The sequences and chromosomal positions of the
molecular markers are listed in Supplemental Table S1.

Vector Construction and Plant Transformation

For genetic complementation of the hps8 mutant, the wild-type genomic
sequence of the AtTHO1 gene was amplified from the Arabidopsis genomic
DNA using the primers 59-GTCGACCCACTCTTCTTCAAGTTTGGG-39 and 59-
ACTAGTACAAACTGAAAGCGTATTCA-39. During amplification, the
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restriction enzyme sites of SalI and SpeI were added to the 59 and 39 ends, re-
spectively, of the PCR product. The PCR product was ligated to the pEASY
vector and verified for accuracy by sequencing. The AtTHO1 gene was then
excised from the pEASY vector with SalI and SpeI enzymes and was used to
replace the luciferase gene located between the 35S CaMV promoter and NOS
terminator on the plant transformation vector pZhou. The resulting construct
was named 35S CaMV:AtTHO1.

For subcellular localization of AtTHO1 protein, the protein coding sequence
(CDS)of theAtTHO1genewasPCR-amplified fromArabidopsis cDNAsusing the
primers 59-CCCGGGATGGATGCATTTAGAGATGCTA-39 and 59-AAGCTTT-
CATGAGACGGGCATAGGA-39. The XbaI and HindIII restriction enzyme sites
were added to the 59 and 39 ends of the amplified CDS of the AtTHO1 gene. The
amplified CDS was digested with XbaI and HindIII enzymes and cloned into the
pEGAD vector to create the construct 35S CaMV:GFP-AtTHO1.

Both plant transformation vectors were mobilized into Agrobacterium
tumefaciens strain GV3101 and transformed into Arabidopsis plants using the
floral dip method (Clough and Bent, 1998).

Quantitative Real-Time PCR

Total RNAs were extracted from 8-d-old seedlings, and quantitative real-time
PCR was performed as described by Wang et al. (2011). The primers used for
detection of the mRNA expression for HPS8 are as follows: 59-TCCAGTGCCT-
CATTATGTTTGA-39 (forward) and 59-TGACTTAAGTTCTTCCTTCATGGTT-3
(reverse). The ACTIN gene was used as an internal control.

miRNA-Seq Analysis

Total RNAs were isolated from the roots of 8-d-old seedlings using the
RNeasy Plant Mini Kit (Qiagen). The RNA samples were fractionated by elec-
trophoresis, and the RNAswith 20 to 50 nucleotideswere isolated and subjected
to miRNA deep sequencing using a HiSEquation 2000 system (Illumina) with
standard settings. The raw data of Illumina reads has been deposited into the
NCBI Sequence Read Archive under accession no. SRP073352. The raw data
were filtered to remove reads shorter than 18 nucleotides or longer than
28 nucleotides, as well as reads with poor quality. The remaining reads were
mapped to the Arabidopsis reference genome (TAIR9) with exact match using
bowtie. The expression counts of each miRNA were calculated and were nor-
malized to reads per million (RPMs) mapped reads. Only the miRNAs with the
expression level higher than 1.0 RPMwere used for further analyses. The cutoff
value for differential expression was a .2-fold change in expression with a P
value # 0.01.

qPCR Analysis for the Abundance of Mature miRNAs

Total RNAs were extracted with TRIzol reagent (Invitrogen) from 8-d-old
seedlings grownonP+ andP2media. After the extractedRNAswere treatedwith
RNase-free DNase I (Promega) to remove DNA contamination, 150 ng of total
RNA was polyadenylated and reverse-transcribed using the Mir-X miRNA First
Strand Synthesis Kit (Cat. no. 638315; Takara). miRNAs were detected using the
Mir-X miRNA qRT-PCR SYBR Kit (Cat. no. 638314; Takara). Primers used for
PCR analyses of each miRNA are listed in Supplemental Table S4.

Microscopy

The root hairs of the 8-d-old seedlings were examined with a stereomicro-
scope (model no. SZ61; Olympus).

For subcellular localization of the AtTHO1 protein, 8-d-old 35S::GFP-AtTHO1
seedlingswere used for confocalmicroscopic analysis. The rootswere excised from
the seedlings and stainedwith 10mMpropidium iodide (PI) for 5 s and rinsedwith
distilled water. The specimens were examined with a confocal laser scanning mi-
croscope (710META; Zeiss). Excitation wavelengths of 546 and 488 nmwere used
to visualize the signals of PI staining and GFP, respectively. The emission wave-
lengths for PI and GFP were 573 and 507 nm.

Accession Numbers

Sequence data from this article can be found in The Arabidopsis Information
Resource database under the following accession numbers: AtTHO1 (At5g09860),
AtTHO2 (At1g24706), AtTHO3 (At5g56130), AtTHO6 (At2g19430), EIN2
(At5g03280), and EIN3 (At5g03280).

Supplemental Data

The following supplemental materials are available.

Supplemental Figure S1. Relative expression of three major APase genes
in the roots of wild-type and hps8 seedlings.

Supplemental Figure S2. The root cell length and root meristem size of
wild-type and hps8 seedlings grown under normal growth conditions.

Supplemental Figure S3. The contents of total P and cellular Pi in shoots
and roots of the wild type and hps8.

Supplemental Figure S4. The mapping strategy for the HPS8 gene. The
molecular markers used in the fine mapping are shown above the hor-
izontal lines. The numbers below each horizontal line are the AGI coor-
dinates on the chromosome. Distance unit: Mb.

Supplemental Figure S5. PSI root-associated APase activity of the wild
type and five mutants that are defective in miRNA biogenesis.

Supplemental Figure S6. Relative expression of three major APase genes
in roots of seedlings of the wild type, miRNA399 OX, and pho2.

Supplemental Figure S7. Patterns of root hairs of the wild type, miRNA399
OX, and pho2.

Supplemental Table S1.Molecular markers used for map-based cloning of
the HPS8 gene.

Supplemental Table S2. Summary of the miRNA reads generated from
miRNA-seq analysis.

Supplemental Table S3. Up- and down-regulated miRNAs in Pi-starved
wild-type plants and their expression in hps8.

Supplemental Table S4. Sequences for the primers for qPCR analysis of
mature miR399s.
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