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Abstract Phosphorus (P) is an essential macronutrient
for plant growth and development; however, soil P avail-
able for plant absorption is often limited, putting con-
straints over agricultural sustainability. Understanding the
physiological and molecular responses to P deficiency can
help design strategies for diagnosis and mitigation of P
deficiency in crop plants. The advent of the next-generation
sequencing technologies has made it possible to charac-
terize genome-wide molecular responses to P deficiency in
plants. However, such research efforts are very limited for
woody crops. In this study, RNA-seq was used to investi-
gate P starvation-induced transcriptomic changes in roots
of a frequently used citrus rootstock, Poncirus trifoliata
(L.) Raf. A total of 1,135 genes showed differential
expression in response to P deficiency. The transcriptomic
data were further validated by real-time quantitative RT-
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PCR. Interestingly, at least one or more P-responsive cis-
elements (P1BS) were found in the promoter regions of 76
differentially expressed genes. Functional annotation
revealed that the predicted proteins of 117 of the differ-
entially expressed genes were assigned to the categories of
transporters, transcription factors or components involved
in plant hormone signal regulation, suggesting that these
genes may play important roles in response to P starvation.
A comparative analysis of the citrus- and Arabidopsis-
responsive transcripts under P deficiency also identified
174 commonly regulated genes, including those involved
in P metabolism. Taken together, our transcriptomic data
revealed changes of genome-wide gene expression in
responses to P starvation in Poncirus, which should pro-
vide a solid basis for future identification and character-
ization of key genes involved in nutritional stress response
in citrus rootstocks.

Keywords Citrus - Phosphate deficiency - Rootstock -
Transcriptomic - Gene expression

Introduction

Phosphorus (P) is one of the most important macronutrients
for plant growth and development. Because most soil P
exists as insoluble forms that are unavailable to plants, P
fertilizers are usually used to provide adequate soluble P to
crop plants in agriculture (Ma et al. 2011). However, over
supplementation of P not only increases economic costs,
but also damages ecosystems (Howarth et al. 2002; Chebud
etal. 2011). One effective way to solve these problems is to
develop crop cultivars with enhanced P-use efficiency by
genetic improvement. Understanding the molecular basis
of plant acclimation to P deficiency would help identify
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candidate genes for use in crop breeding programs. Accu-
mulating research suggests that plants could develop
adaptive strategies to cope with P deficiency by activating
the expression of a series of genes, such as those encoding
secreted acid phosphatases, organic anions, and high-
affinity P transporters (Vance et al. 2003; Shin et al. 2004;
Plaxton and Tran 2011). Some transcription factors, such as
PHR1/2, MYB62, WRKY6/75, bHLH32, PTF1 and ZAT6,
appear to play essential roles in P acclimation by regulating
P homeostasis and/or root system architecture (Chiou and
Lin 2011). Other regulatory components such as SPX
domain-containing proteins, miRNAs and plant hormones
may also be involved in the plant responses to P deficiency
(Secco et al. 2012; Chiou et al. 2006, 2011; Rubio et al.
2009). Recently, genome-wide investigations of gene
expression by microarray or RNA-seq analysis were per-
formed to identify differentially expressed genes in
response to P deficiency (Misson et al. 2005; Nilsson et al.
2010; Woo et al. 2012; Cai et al. 2012; Lan et al. 2012;
O’Rourke et al. 2013). Such studies have greatly contrib-
uted to our current understanding of the complex network
of P acclimation in plants. However, most studies on this
subject were conducted with model or herbaceous plants.
Very little is known about the molecular mechanisms
underlying P acclimation in woody plants.

Citrus is one of the most important fruit crops in the
world. Grafted citrus trees are perennial evergreen plants
that are often grown in hilly or marginal land where soil P
deficiency is a common problem. For example, an inves-
tigation of the citrus orchards in the Three Gorges reservoir
region from China discovered that the available soil P is
only 44 % of the level observed in other citrus orchards
without soil P deficiency (Bao et al. 20006). P deficiency can
cause symptoms such as reduced flowering, bronze and
smaller leaves, small fruits with reduced juice, and weak
branches. Moreover, a recently study of small RNA pro-
filing discovered that P deficiency could aggravate citrus
Huanglongbing disease symptoms (Zhao et al. 2013),
whereas P supplementation could alleviate the disease
symptoms and increase fruit yield although it could not
cure the infected trees. These observations highlight the
importance of P as a macronutrient for citrus growth and
perhaps immunity.

Our previous studies found that high-affinity P trans-
porter genes in Poncirus triforniata (Pt) (a close relative of
Citrus and a common rootstock of citrus) designated PtPt4
and PtPT5 were induced by P starvation (Shu et al. 2012).
These P transporters might be involved in P acquisition and
homeostasis in plant cells under P deficiency conditions.
However, how PtPt4 and PtPT5 are regulated and what
other genes might be involved in orchestrating the per-
ception of and response to P deficiency in Pt and Citrus is
not known. Next-generation sequencing technologies have
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enabled large-scale transcriptomic analyses to identify
candidate genes from a given genome that may be asso-
ciated with plant responses to P deficiency (Misson et al.
2005; Nilsson et al. 2010; Woo et al. 2012; Cai et al. 2012;
Lan et al. 2012; O’Rourke et al. 2013). We thus employ
this approach to investigate transcriptomic changes in roots
of Pt induced by P deficiency conditions. We aim to
identify candidate Pt genes and their Citrus homologs
involved in acclimation to P deficiency and infer likely
conserved molecular mechanisms by comparing the
induced transcriptomic changes in Pt as a woody plant with
those in the model herbaceous plant Arabidopsis thaliana.

Materials and methods

Plant growth condition and P concentration
measurement

A common rootstock, P. triforniata (Pt) (L) Raf, was used
in this study. Pt seeds were sown in plastic pots filled with
vermiculite as previously described (Zhou et al. 2014).
Twenty days later, uniform seedlings were transplanted
into sand culture as previously described (Shu et al. 2012).
Pt seedlings in sand pots were grown in a chamber with a
14 h light period at 23-28 °C and a 10 h dark period at
18-20 °C. Five Pt seedlings per sand pot were irrigated
with 200 ml Hoagland nutrient solution. Two-month-old
seedlings were used for phosphate starvation treatment.
The control samples (+P) were irrigated with Hoagland
nutrient solutions containing 1 mM P, whereas P starvation
samples (—P) were irrigated with Hoagland nutrient solu-
tions containing 1 utM P (Shu et al. 2012). Root samples
were collected at 0, 1, 2 or 4 weeks after (—P) irrigation
treatment. Each root sample was prepared from three pots
with each containing five seedlings. Three root samples/per
treatment were collected for each time point from three
independent experiments. P concentration was determined
using the molybdate blue method as previously described
(Shu et al. 2012). The one-way analysis of variance
(ANOVA) was used to determine whether there are any
statistically significant differences between the means of
the (—P)-irrigated and (4P)-irrigated samples.

Transcriptome profiling

Pt root samples collected at 4 weeks after (—P) irrigation
treatment were used for RNA extraction. Two RNA sam-
ples for (—P) irrigation treatment and two for (+P) irri-
gation treatment were prepared from two independent
biological experiments and used for RNA-seq analysis.
Total RNA was extracted using the TriZol Reagent
(Invitrogen, USA) and then treated with DNasel to
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eliminate DNA contamination. First-strand cDNA was
synthesized using the RevertAid™ First-Strand cDNA
Synthesis Kit (Fermentas, Lithuania) and used for library
construction at Huada Genomics Co., Ltd., Shenzhen,
China. The barcoded cDNA libraries were used for
sequencing via IITumina HiSeq™ 2000. After removing
the adaptor sequences, the clean reads were used to match
gene sequences deposited in a reference sweet orange
genome database (Xu et al. 2013, http://citrus.hzau.edu.cn/
orange/) using SOAPaligner/SOAP2 (Li et al. 2009).
Mismatches no more than two bases were allowed in the
alignment. The RPKM method (Mortazavi et al. 2008) was
used to normalize and calculate the gene expression level
according to our previous protocol (Yang et al. 2013).
Differentially expressed genes were identified using the
NOISeq methodology (Tarazona et al. 2011), in which
q > 0.8 was selected. For Gene Ontology (GO) and path-
way analysis, the differentially expressed genes were
mapped to GO terms in the database (http://www.geneon
tology.org/) and pathway terms in KEGG database (http://
www.genome.jp/kegg/), respectively.

Real-time quantitative RT-PCR

Real-time PCR analysis was performed according to our
previous protocol (Pan et al. 2012). Gene-specific primers
were deposited in Table S1. Primers of tested genes and the
reference gene were diluted in the SYBER GREEN PCR
Master Mix (PE Applied Biosystems), and 10 pl of the
reaction mix was added to each well. Reactions were
performed as the following: 50 °C for 2 min, 95 °C for
1 min, each reaction was then cycled at 95 °C for 15 s and
60 °C for 1 min, which was performed for 40 cycles. The
output data were generated by the software Sequence
Detector Version 1.3.1 (Applied Biosystems, CA, USA),
and exported to Microsoft Excel for subsequent analysis.
The relative mRNA abundance was calculated using the
standard delta delta Ct method.

Results

P concentration in Poncirus roots under normal and P
deficiency conditions

To find out when our irrigation scheme using (—P) Hoa-
gland nutrient solution begins to impact the endogenous P
in treated Pt root tissues, root P content was measured at 1,
2 or 4 weeks after the implementation of the (—P) irriga-
tion scheme. Our data showed that the P content was not
significantly affected at 1 or 2 weeks after (—P) irrigation,
albeit there was a slight reduction when compared to the
control [i.e. samples with (4P irrigation)] (Fig. 1). This

Control M P deficiency

*%

P concentration (mg g'DW)

0.5

1 2 4
Weeks under P deficiency treatment

Fig. 1 P concentration (mg g~' DW) of Poncirus roots under normal
and P-deficiency treatments. The P contents of Poncirus roots under P
deficiency or normal conditions were measured at 1, 2 or 4 weeks
after (—P) irrigation treatment

suggests that P in the sand media was more or less adequate
for Pt growth at this stage (which generally agrees with the
fact that all seedlings showed similar stature at this stage;
data not shown). However, at 4 weeks after (—P) irrigation,
the P level in treated root samples was only 1.10 mg g~
DW, which is significantly lower than that (2.59 mg g~
DW) in the control sample, suggesting that 4 weeks after
(—P) irrigation is a good time for checking the impact of P
deficiency on gene expression.

Transcriptomic changes in Poncirus roots in response
to P deficiency

Based on the above results, root samples were thus col-
lected at 4 weeks after (—P) irrigation and used for RNA-
seq analysis. Two replicate RNA samples for each treat-
ment were used for cDNA library preparation and
sequencing using IITumina HiSeqTM2000. The four cDNA
libraries, P-deficiency 1, P-deficiency 2, control 1 and
control 2, produced 11910174, 11324588, 11935107 and
11583447 clean reads, respectively (Table S2). Sequence
saturation analysis found that ‘genes mapped by clean
reads’ stopped increasing when the number of clean reads
reached over 2 million (data not shown), suggesting that
the gene coverage of these four libraries was saturated and
the size was enough for gene expression analysis. To
profile gene expression, reads from the four libraries were
mapped to gene sequences deposited in the sweet orange
genome database. A total of 22,488 transcripts were
detected by the reads from the four libraries, with 20543,
20850, 21071 and 21095 transcripts being identified from
P-deficiency 1, P-deficiency 2, control 1 and control 2,
respectively (Tables S2 and 3). The expression level of
each gene was normalized and evaluated by the RPKM
approach (see “Materials and methods”), and the detailed
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information of expression and annotation was provided in
Table S4. Differentially expressed genes were defined
using the NOISeq method. Specifically, 495 genes were up-
regulated and 640 were down-regulated (1135 in total) in
the P deficiency samples compared with the control sam-
ples (Table S5).

GO categories were assigned to the 1135 differentially
expressed genes with BLASTX hit using Blast2GO. The
distribution of GO terms (the 4th level) according to bio-
logical process, molecular function and cellular component
was shown in Table S6. Metabolic process (232 genes,
accounting for 20.4 % of the total differentially expressed
genes), cellular process (170, 14.9 %), and response to
stimulus (111, 9.8 %) were the major categories annotated
to the biological process; cell (193, 17 %), organelle (140,
12.3 %), and membrane (107, 9.4 %) were the major cat-
egories annotated to the cellular component; catalytic
activity (310, 27.3 %), binding (236, 20.8 %), and trans-
porter activity (43, 3.8 %) were the major categories
annotated to the molecular function. Kyoto Encyclopedia
of Genes and Genomes (KEGG) analysis found that 156
and 101 genes were, respectively, assigned to the metabolic
pathways with no map in KEGG database and biosynthesis
of secondary metabolites with no map in KEGG database
(Table S7). The remaining differentially expressed genes
were assigned to 97 metabolic pathways (Table S7).
Notably, the pathways of plant hormone signal transduc-
tion (containing 60 genes), plant—pathogen interaction (51),
stilbenoid, diarylheptanoid and gingerol biosynthesis (33)
and flavonoid biosynthesis (30) are the four predicted
pathways with the highest number of differentially
expressed genes.

A list of selected genes with putative functions that
might be important for the acclimation to P deficiency was
summarized in Table S8, with a focus on genes annotated
as transporters, transcription factors (TFs), and plant hor-
mones signal regulation. Of particular note is that 43
transporter genes were differentially regulated, including
transporters that transport macroelements (e.g. phosphate,
nitrate, potassium, sulfate and calcium), microelements
(e.g. boron, zinc, iron and copper), water (aquaporin),
carbohydrate (sugar) and other organic substances (e.g.
amino acid and peptide). Among them, three P transporter
genes (Cs5g29860, Cs9g18560, Cs7g29450) were up-reg-
ulated, and one (Cs9g09780, PHO-like) was down-regu-
lated in response to P deficiency. It was also noted that five
out of six aquaporin genes were down-regulated, while five
out of six ABC transporter genes were up-regulated in
response to P deficiency. In addition, several genes
encoding microelements transporters, such as transporters
of zinc/iron, boron and copper, showed down-regulation
patterns upon P deficiency. These results imply that,
besides the direct effects on P uptake and transportation, P
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Fig. 2 A Comparison of log, Ratios (transcription level under P
deficiency/control) observed by real-time RT-PCR and by RNA-seq

starvation could have a profound indirect effect on the
transport of other elements and/or metabolites in Pt plants.
Based on the domain characterization or putative function,
the 46 differentially expressed genes encoding domain-
containing proteins or TFs could be classified into the
following types: SPX domain-containing, AP2/EREBP,
MYB, WRKY, bHLH, Zinc finger, GRAS and others (Table
S8). Interestingly, while genes encoding SPX domain-
containing proteins and MYB TFs were all up-regulated,
those encoding zinc finger TFs were all down-regulated. It
is interesting to note that 29 differentially expressed genes
were predicted to be involved in plant hormones signal
regulation, including those involved in the synthesis and/or
signal regulation of gibberellin, auxin, cytokinin, abscisic
acid, jasmonates and brassinosteroid. Among these 29
genes, most were down-regulated. For instance, five out of
seven genes implicated in gibberellin regulation, six out of
seven genes in auxin regulation and all of the four genes in
cytokinin regulation were down-regulated in response to P
deficiency.

To validate the RNA-seq results, expression levels of 28
differentially expressed genes were determined by real-
time quantitative PCR (qPCR) using cDNA templates
independent of those in RNA-seq experiments (Table S9).
The log, [ratios of gene expression levels of (—P) irrigation
samples vs (4P) irrigation control)] from qPCR were then
compared with those obtained from the RNA-seq analysis
(Table S9). As expected, all the 28 genes showed sub-
stantial differences in gene expression levels measured by
gPCR, which agrees well with the gene expression data
from the RNA-seq analysis with a correlation coefficient of
0.774 (Fig. 2).

Prediction of P1BS elements in promoters
of differentially expressed genes

The P1BS (PHR1 binding Site; GNATATNC) motif is a
characterized P-responsive cis element found in the pro-
moter regions of several P-deficiency-inducible P
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Table 1 A subset of the differentially expressed genes conserved in citrus and Arabidopsis under P-deficiency conditions

Arabidopsis Arabidopsis log, Ratio (P Gene annotation

gene ID deficiency/control)

Citrus gene ID  Citrus log, Ratio (P
deficiency/control)

Phosphate metabolism-related proteins

AT1G22170 1.410886956 Cs3g18540 1.930582317 Phosphoglycerate mutase
AT1G17710 6.129812236 Cs1g18540 1.896230229 Phosphoethanolamine
AT3G02040 4.183272934 Cs2g13910 1.488315113 Glycerophosphodiester phosphodiesterase
AT1G13750 1.683687601 Cs7g02530 1.476805086 Nucleotide pyrophosphatase
AT3G05630.1 4.238109704 Cs3g14760 2.532437041 Phospholipase D p1 like
AT3G03540.1 3.811548254 Cs7g15610 2.04963271 Phosphoesterase family protein
AT3G08510.1 1.269434622 Cs8g20240 1.485804107 Phosphoinositide phospholipase
Transporters
AT5G43360 1.78274857 Cs9g18560 1.858989388 Phosphate transporter
AT2G38940 3.65039895 Cs5g29860 1.823440113 Phosphate transporter
AT4G16370 —1.829145561 Cs2g01740 —2.030310511 Oligopeptide transporter
AT4G33020.1 —1.311267017 Cs4g18450 —1.426957925 Zinc/iron transporter
AT3G12750.1 —1.072479455 Cs2g11620 —2.449393566 Zinc/iron transporter
AT3G12750.1 —1.072479455 Cs6g11460 —1.741277336 Zinc transporter
AT5G38820.1 —1.171595712 Cs6g19940 —1.436424369 Amino acid transporter

Domain/motif-containing proteins and transcription factors

AT2G26660 2.146790724 Cs4g17870 1.649470673 SPX domain-containing protein

AT2G45130 5.704563901 orangel.1t00194 1.545320876 SPX domain-containing protein

AT5G25810.1 0.900312415 Cs9g16820 2.338940717 AP2/ERF domain-containing protein

AT2G22770.1 1.50494341 Cs1g21000 2.18866046 Transcription factor bHLH25 like

AT4G05100.1 1.201946811 Cs5g29830 1.520317341 Myb-related protein Myb4 like

AT5G28650.1 —1.147988861 Cs5g30250 —1.066020351 WRKY transcription factor

AT5G28650.1 —1.147988861 Cs8g13600 —1.47995685 WRKY8

AT3G50700.1 —1.120474367 Cs6g04390 —1.781978626 Zinc finger protein

AT1G75820.1 —1.222272566 Cs1g21020 —1.046241664 Leucine-rich repeat receptor-like serine/
threonine-protein kinase BAM1 like

AT1G75820.1 —1.222272566 Cs8g11310 —1.207145686 Leucine-rich repeat receptor protein kinase EXS
precursor

AT1G17240.1 —1.094435991 Cs3g13830 —1.868801203 Leucine-rich repeat receptor protein kinase EXS
precursor

AT1G75820.1 —1.222272566 Cs2g11910 —1.962134351 Leucine-rich repeat receptor protein kinase EXS
precursor

AT1G75820.1 —1.222272566 Cs1g22300 —1.414002937 LIM domain kinase

transporter genes (Rubio et al. 2001). To see if the P1BS
motif is present in the promoter regions of these differen-
tially expressed Pt genes (which are not available), we
scanned the upstream sequences of all genes deposited in
sweet oranges genome database for the presence of the
P1BS motif. The search yielded 616 genes whose promoter
regions (2 Kb upstream of the predicted ATG start codon)
contain at least one exact P1BS motif (Table S10) and 1707
genes whose promoter regions contain at least one P1BS
motif with one bp mismatch (Table S11). Among the 616
citrus genes, 76 have Pt homologs (predicted based on
RNA-seq data) that were differentially expressed under P
deficiency conditions (Table S12), suggesting that these 76

Pt genes are more likely to be functionally involved in Pf’s
responses to P deficiency.

Conserved genes responsive to P starvation
in both Poncirus and Arabidopsis

To see how conserved the mechanisms of P-deficiency
response might be between Poncirus (and Citrus) and
other plant species, the sweet orange homologs of the Pt
genes that exhibited differential expression under P defi-
ciency were blasted against the Arabidospsis whole gen-
ome sequences (www.plantgdb.org/XCDB/phplib/
download.php?GDB=At) to search for homologs with an
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E value = 1 x e or lower. The identified Arabidopsis
genes were then examined in the published datasets from
a similar study (Woo et al. 2012) to see if their expression
was affected by P deficiency. This analysis identified 174
P-deficiency-responsive genes that may be conserved
between Citrus and Arabidopsis with 89 being up-regu-
lated and 85 down-regulated (Table S13). A subset (27) of
the 174 genes is listed in Table 1. One group of genes
with particular relevance to P-deficiency response are
those that encode P metabolism-related proteins, trans-
porters and transcription factors. Conceivably, transcrip-
tional alteration (up-regulation in particular) of P
transporters and P metabolism-related proteins (such as
phosphoesterase, pyrophosphatase, and phospholipase) is
a conserved mechanism important for P acquisition and
utilization under starvation conditions. By contrast,
transporters of oligopeptide, zinc and amino acid were
down-regulated in both Citrus and Arabidopsis during P
starvation. Likewise, genes encoding SPX domain or
AP2/ERF domain-containing proteins, or transcription
factors harboring bHLH and MYB domains were up-
regulated, whereas genes encoding WRKY or zinc finger
proteins were down-regulated both in Citrus and Arabi-
dopsis under P deficiency.

Discussion

In the present study, RNA-seq was used to determine
transcriptomic changes in the citrus rootstock Poncirus
trifoliata (Pt) in response to P starvation. Over one thou-
sand genes involved in multiple metabolic pathways
showed altered expression in Pt seedlings grown under
P-deficiency conditions compared to those with adequate
supply of P, suggesting that P deficiency has a profound
impact on gene transcription in Pt in general. Among these
genes, 76 have been identified to contain a characterized
P-responsive cis-element P1BS in the promoter regions of
their citrus homologous genes. These P1BS-containing (in
the promoter), P starvation-induced P genes may be good
candidate genes for future studies. By comparing the
results from this study with those from a previous tran-
scriptomic study in Arabidopsis, we found that 174 P
deficiency-responsive genes may be conserved in both
Citrus (Pt) and Arabidopsis, some of which encode P
transporters, or P metabolism-related phospholipases and
SPX domain-containing genes. Thus, these observations
suggest that 4 weeks after (—P) irrigation is indeed a good
time for preparing root samples for RNA-seq analysis and
that our transcriptomic data should be quite reliable. These
results also support a notion that woody plants and her-
baceous plants share conserved molecular mechanisms to
cope with P deficiency. Because the primary purpose of
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this study is to identify genes involved in P acclimation in
Pt (and Citrus) for future focused studies, we selected a
few potentially more relevant groups of P-responsive Pt
genes for discussion.

P deficiency affects the transcription of multiple
transporters

Our results showed that the transcription of 4 P trans-
porters genes was altered due to P deficiency, 3
(Cs5g29860, Cs9g18560 and Cs7g2945) of which were
up-regulated while 1 (Cs9g09780, PHOI1-like) down-
regulated (Table S8). The up-regulation of these three P
transporters under P starvation was in line with previous
observations that P starvation triggered the up-regulation
of most members of the PHtI P transporter gene family
(Shu et al. 2012). It was reported that the Arabidopsis
PHOI gene may play an important role in root-to-shoot
transfer of P and that reduced PHOI expression affects
not only P translocation from roots to shoots, but also the
process of P acquisition (Poirier et al. 1991; Hamburger
et al. 2002). Down-regulation of a PHOI-like gene in
P-starved roots of Pt seedling seems a reasonable strategy
to reduce P export from root to shoot, thereby alleviating
Pi deficiency in root cells to temporarily accommodate a
short-term P starvation.

As it is known that deficiency of one mineral will
influence the uptake and accumulation of other nutrients
and their corresponding transporters (Wang et al. 2002;
Schachtman and Shin 2007; Cai et al. 2012), it is not
surprising that expression of many other nutrient trans-
porters was also affected in Pt seedlings by P deficiency.
These included transporters involved in uptake of not only
macroelements such as nitrate, potassium, sulfate and cal-
cium, but also microelements such as boron, zinc, iron and
copper. It was also proposed that P nutrition could affect
sugar metabolisms via likely crosstalk between the two
engaged signaling pathways (Miiller et al. 2007; Park et al.
2012). Consistent with this idea, we found that the tran-
scription of five sugar transporters was affected by P
deficiency in the Pt seedlings. It is worth noting that five
out of six affected ABC transporters were up-regulated
under P deficiency. Similar results were reported in white
lupin (O’Rourke et al. 2013). In contrast, five out of six
affected aquaporins (4 PIP, 2 MIP and 1 TIP) were down-
regulated under P deficiency, although the functional
implication is unclear. Taken together, our results reinforce
the notion that P deficiency could have a profound impact
on plant growth and development by affecting not only the
transport and metabolism of phosphate and other nutrients
but also the balance and homeostasis of, and crosstalk
between, different nutrient-regulated pathways to achieve
acclimation to P deficiency in plants.
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Domain-containing proteins and transcription factors

Two genes encoding SPX domain-containing proteins were
up-regulated in roots of Pt seedlings by P deficiency (Table
S8). Specially, the Citrus counterparts of these two Pt
genes, i.e. Cs4gl17870 and orangel.1t00194, are probable
orthologs of AtSPXI (At5g20150) and ArSPX3
(At2g45130), respectively. Since SPX domain-contain
proteins are potential regulators in phosphate signaling and
both of SPX1 and SPX3 regulate the expression of several
P starvation responsive genes involved in P uptake, allo-
cation and remobilization (Duan et al. 2008), this result add
further evidence to the existence of conserved P-deficiency
response mechanisms across different plant species.

Furthermore, over 40 Pt genes encoding transcription
factors (TFs) falling into at least 6 groups were differen-
tially expressed in roots of Pt seedlings under P deficiency
when compared with control plants (Table S8). A similar
situation can be found in Arabidopsis (Woo et al. 2012).
The altered expression of these TFs may not only directly
contribute to plant acclimation to a P-deficiency state via
regulating expression levels of key nutrient (including P)
transporters, but can also affect a large number of other
genes, resulting in the extensive transcriptional changes of
over one thousand genes under P deficiency. P-deficiency-
induced transcriptional changes of some transcription fac-
tors, such as GRAS, NAP, CCAAT-binding and GATA
TFs, were only detected in this study. This may reflect the
characteristics of the transcription machinery and signaling
network of Pt (and perhaps Citrus) as a woody perennial
plant in response to P deficiency. In this context, it is
interesting to note that the transcription of four GRASs
involved in strigolactone biosynthesis and lateral root
elongation (Liu et al. 2011; Battaglia et al. 2014) were
affected in Pt seedlings under P deficiency. This may
provide a mechanistic connection between GRASs and the
earlier observation that the density and length of root hairs
of Pt plants tend to increase significantly under P defi-
ciency conditions when compared to control plants (Cao
et al. 2013).

Plant hormone biosynthesis and signal regulation

It is known that many hormones are implicated in P sig-
naling processes (Chiou and Lin 2011) and that P defi-
ciency alters transcription levels of genes involved in
hormone biosynthesis or signaling (Morcuende et al. 2007;
O’Rourke et al. 2013; Rubio et al. 2009; Woo et al. 2012).
Consistent with this, we found that 26 differentially
expressed genes may be involved in plant hormone bio-
synthesis or signaling (Table S8). For example, it has been
reported that cytokinin signaling is repressed by P defi-
ciency (Kuiper et al. 1988; Franco-Zorrilla et al. 2002) and

that this hormone might negatively regulate P starvation
response (Franco-Zorrilla et al. 2005). In accordance with
this, four Pt cytokinin related genes were down-regulated
under P deficiency. Auxin has been suggested to play a role
in the arrest of primary root growth and induction of lateral
and/or hair roots under P deprivation (Al-Ghazi et al. 2003;
Jain et al. 2007). Our observation that expression of seven
auxin-related genes was altered by P deficiency may help
us understand the phenomenon that the initiation and
elongation of Pt root hairs is activated by P deprivation
(Cao et al. 2013). Although a definitive role of ABA in
coordinating P stress response remains to be demonstrated
(Jeschke et al. 1997; Trull et al. 1997; Ribot et al. 2008),
the detection of altered expression of six ABA-related
genes in our study suggests that ABA signaling might also
contribute to acclimation to P starvation in the Pt seedlings.
In addition, Jiang et al. (2007) found that P deficiency
promoted the accumulation of a DELLA protein and
caused a reduction of bioactive GA and attenuation of GA
metabolism in root cells of Arabidopsis plants. Interest-
ingly, we found that among seven GA-related genes
affected by P deficiency, a DELLA-like gene (GAIl) was
up-regulated, while a GA-oxidase-like gene was down-
regulated in the Pt seedlings under P deficiency.

Conclusions

This study revealed that over one thousand genes showed
transcriptional changes in response to P deficiency in
Poncirus, a Citrus relative and primary rootstock. Of
particular relevance are those genes that encode tran-
scription factors, transporters and regulators of plant
hormones because they are assumed or have been dem-
onstrated to play important roles in plant acclimation to P
deficiency. A comparative analysis between citrus and
Arabidopsis identified similar patterns of P-deficiency-
induced transcriptomic changes, suggesting that woody
and herbaceous plants may employ similar molecular
mechanisms to cope with P deficiency, though some
apparent differences also exist. Our results from this study
should provide a solid basis for future identification and
characterization of key genes involved in P deficiency and
other nutritional stress response in Poncirus and other
citrus rootstocks.
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