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Experimental evidences support that the circadian rhythm
regulates the transcription levels of genes encoding the
enzymes involved in plant metabolism. However, there is no
paper to refer the correlation of the circadian rhythms and
the metabolic processes for facilitating pollen tube growth. In
this study, we found that many central components of the
circadian clock were highly enriched and specifically present
in the in vivo grown Arabidopsis pollen tubes. Our analysis
also identified the significant differentially expressed genes
encoding co-expressed enzymes in the consecutive steps of
fatty acid pB-oxidation I, pentose phosphate pathway
(oxidative branch) and phosphatidic acid biosynthesis
pathway in the in vivo grown Arabidopsis pollen tubes during
pollination. Thus, it is implicated that the circadian rhythms of
pollen tube may be adjusted and have a greater probability
of the direct or indirect functional relationship with enhanced
intracellular Ca?* dynamics and ATP production for
facilitating pollen tube growth in vivo.

When compatible pollen grains land on the stigma surface,
the pollen grains germinate pollen tubes that grow through the
pistil tissue toward the embryo sacs. At the same time, stigmas
undergo an accelerated process of senescence in response to polli-
nation." Genetic and genomic approaches have advanced our
understanding of the regulated network of various cellular pro-
cesses contributing to the fast growth of pollen tubes in stigma.*”
However, there is little published literature to gain insight into
the role of the circadian clock in the coordination of metabolism
with other physiological processes in female and male reproduc-
tive tissues in compatible pollination. It is generally known that
pollen tubes grow deeply within a solid style, making it extremely
difficult to obtain iz vivo-grown pollen tubes for microarray anal-
ysis. Recently, Qin et al. and Lin et al. respectively use the differ-
ence method (semi-in vivolpollen-specific promoter) to identified
the mRNAs specifically enriched in wvivo—elongating pollen
tubes.* Qin et al. first defined the transcriptome of pollen tubes
that have grown through pistil tissues using a semi-in vivo pollen
tube growth system for Arabidopsis. Second, they performed
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comparative microarray analysis with RNA isolated from dry,
un-germinated pollen (dry pollen), pollen grown iz vitro for
0.5 hours, or for 4 hours and pollen germinated and grown
through the stigma and style. Lastly, pairwise comparisons of
pearson correlation coefficients were used to explored the distinct
set of genes define pollen tube growth in vitro and in a pistil.
Notably, semi-in vivo pollen tube shares a set of 871 genes that
are not expressed in the 3 other pollen samples analyzed.” Lin
et al. termed three different samples, IP-bud (bud, ST11-12,
developing microspore, and mature pollen grains), IP-in vivo
(ST14-ST15a, the enrichment in grains undergoing tube elonga-
tion and fertilization), and IP-in vitro (in vitro—cultured pollen
tubes).” They use a pollen-specific promoter (ProLAT52) to gen-
erate epitope-tagged polysomal-RNA complexes that could be
affinity purified, they obtained mRNAs undergoing transcrip-
tome of 77 vivo—grown pollen tubes from self-pollinated gynoecia
of Arabidopsis. The polysomal mRNAs isolated from 3 samples
were further analyzed to identify gene transcripts specifically
enriched in the iz vivo elongating pollen tubes. Lastly, by system-
atic comparison of data sets, there were 519 mRNAs specifically
enriched iz vivo—elongating pollen tubes.” The gene ontology
enrichment analysis revealed that many significant differentially
expressed genes between iz vivo and in vitro cultured samples
involved in core circadian clock regulation and cell division,
which indicates that circadian rhythms might play important
roles in the pollination process. In our previous study, we devel-
oped a data-driven computational pipeline using the “guilt by
association” principle to analyze the transcriptional co-expression
profiles of enzymatic genes in the consecutive steps for metabolic
routes in the fast-growing pollen tube and stigma during pollina-
tion. Our analysis identified an inferred pattern of pollen tube-
stigma ethanol coupling.® Here, we give an additional inferred
correlation of circadian clock and metabolic involved in the fast-
growing pollen tube during pollination.

As shown in the Fig. 1, the inferred mechanism analyzed in
detail below:

(I). A variety of approaches have been taken to describe the
spectrum of Arabidopsis proteins involved in circadian regulation.
The key transcription factors of the higher plant clock consist of
TOC1 (TIMING OF CAB EXPRESSION 1), LHY (LATE
ELONGATED HYPOCOTYL), CCAl (CIRCADIAN
CLOCK ASSOCIATED 1) and so on.””® Based on the analysis
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Figure 1. Schematic representation of the inferred correlation of circadian rhythms and metabolism involved in the fast-growing pollen tube in pistil. (1)
Key transcription factors of circadian clock may be adjusted and highly enriched and specifically present in the in vivo-grown pollen tubes, such as:
ATCCA1 (AT2G46830), LHY (AT1G01060), ATTOC12 (AT1G80920), circadian clock-associated PAS protein ZTL (AT5G57360), LACCASE8 (AT5G01040) REV-
EILLE4 (AT5G02840). (Il) Circadian rhythms triggers a rapid activation of the cooperating enzymes and consecutive steps for the ethanol degradation II,
TCA cycle variation and fatty acid 3-oxidation Il of pollen tube, production of the pollen tube’s TCA cycle, leading to enhanced ATP production. (Ill) Four
ubiquitin-specific proteases, UBP18 (AT4G31670), UBP23 (AT5G57990), ATUBP5 (AT2G40930) , UBP26 (AT3G49600) had relations with the central compo-
nents of the circadian clock ATCCA1 (AT2G46830) and LHY (AT1G01060). UBP26 (AT3G49600) had significant relations with the AT1G64190 which enco-
des phosphogluconate dehydrogenase (NADP+-dependent, decarboxylating) (ec 1.1.1.44) involved in the pentose phosphate pathway (oxidative
branch), which maximize their ability to produce NADPH to reduce ROS level. (IV) Circadian rhythms may have a greater probability of the direct or indi-
rect functional relationship with the cooperation of consecutive steps for production of PA biosynthesis. Intracellular Ca®* dynamics were induced by

of Qin et al. and Lin et al. comparative microarray data,*> we
identified the central components of the circadian clock
ATCCAl (AT2G46830), LHY (AT1G01060), ATTOCI2
(AT1G80920), circadian clock-associated PAS protein ZTL
(AT5G57360), LACCASE 8 (AT5G01040), REVEILLE 4
(AT5G02840) were highly enriched and defined twofold changes
in the 7z vivo—grown pollen tubes. Interestingly, we also identi-
fied 4 ubiquitin-specific proteases ATUBP5 (AT2G40930),
UBP18 (AT4G31670), UBP23 (AT5G57990), UBP26
(AT3G49600) were specifically presented in the iz vivo grown
pollen tubes, which regulates the stability of key components of
the circadian clock feedback loops.” It is implicated that these
key transcription factors of circadian clock function synergisti-
cally in regulating circadian rhythms of Arabidopsis pollen tube
for facilitating pollen tube growth.

(IT). Metabolism is the complete set of enzyme-catalyzed reac-
tions that allow organisms to grow and reproduce, maintain their
structures, and respond to their environments. Much evidence
supports that the circadian clock regulates the transcript levels of
numerous gene encoding enzymes involved in plant metabo-
lism.'® Using 2-dimensional gel electrophoresis followed by mass
spectrometry, Hwang et al. found the rhythmic proteins were
functionally classified into photosynthesis, central metabolism,
protein synthesis, nitrogen metabolism, stress resistance, signal

. 11
transduction and unknown.
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It is clear that due to their rapid growth, pollen tubes need to
transfer much more energy for the ion fluxes, osmoregulation,
synthesis of pectin and proteins, vesicle trafficking, actin dynam-
ics and cyclosis in order to maintain the membrane potential and
turgor given the ever-increasing volume. All these processes
require ATP hydrolysis either directly or indirectly through
GTP. Our study supports the viewpoint that the energy generat-
ing pathways may play the critical role in vivo grown Arabidopsis
pollen tubes. High-energy nutrients (alcohol/ethanol) are metab-
olized to acetyl-CoA by ethanol degradation II and pyruvate
dehydrogenase bypass in the pollen tubes. Acetyl-CoA is incorpo-
rated into the pollen tube’s tricarboxylic acid cycle variation,
leading to enhanced ATP production for facilitating pollen tube
growth.'” In our previous study, we identified the significant dif-
ferentially expressed genes of Arabidopsis pollen tube encoding
co-expressed enzymes in the consecutive steps of ethanol degrada-
tion IT and TCA cycle variation in response to pollination.® Now,
we found an additional metabolic pathways that catalyze the con-
secutive steps of fatty acid B-oxidation II involved in the fast-
growing pollen tube during pollination (Fig. 2) .

B-oxidation is a multi-step process in which fatty acids are
broken down to produce energy, which also reflected an increase
in lipid oxidation for the production of energy. Thus, it is impli-
cated that the circadian clock may coordinates the expression of
enzymes in these pathways in pollen tube, which might be
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involved in the TCA cycle of pollen
tube, leading to enhanced ATP produc-
tion for facilitating pollen tube growth.
However, the extent of circadian regula-
tion of enzyme activities is unknown.
(II). In Arabidopsis, ubiquitin-medi-
ated protein regulates the stability of
key components of the circadian clock
feedback loops.” Tt is generally known
that protein—protein interactions are
essential for circadian clock function.
Protein complexes that regulate both
clock gene transcription and protein sta-
bility have been reported.>'®'" In this
study, 4 ubiquitin-specific proteases,
ATUBP5  (AT2G40930), UBPIS8
(AT4G31670), UBP23 (AT5G57990),
UBP26 (AT3G49600) were identified
to be specifically present in the iz vivo
grown pollen tubes. Based on the analy-
sis of proteome-wide binary protein—
protein interaction map of Arabidop-
sis."? and plant metabolic pathway data-
base (PMN/PlantCyc) (http://www.
plantcyc.org), we found that ATUBPS
had relations with the central compo-
nents of the circadian clock ATCCA1
(AT2G46830) and LHY (AT1G01060).
Interestingly, we also found that
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Figure 2. Consecutive steps of fatty acid B-oxidation Il in vivo-grown Arabidopsis pollen tube.
(1): Three gene loci, AT1G77590, AT3G05970, AT5G27600, encode long-chain-fatty-acid-CoA synthe-
tase (gc 6.2.1.3), which catalyzes the conversion of 2,3,4-saturated fatty acid into 2,3,4-saturated fatty
acyl CoA. (2): Our multiomics network analyses showed no differentially expressed genes encoding
encode acyl-CoA oxidase (gc 1.3.3.6), which catalyzes the conversion of 2,3,4-saturated fatty acyl CoA
into trans-2-enoyl-CoA. However, after re-checking the source datasets of the expression of these
genes, we did find that the expression of these genes did not significantly change. (3): Two gene loci,
AT3G06860, AT4G29010, encode enoyl-CoA hydratase (gc 4.2.1.17), which catalyzes the conversion of
trans-2-enoyl-CoA into (3S)-3-hydroxyacyl-CoA. (4): Two gene loci, AT3G06860, AT4G29010, encode 3-
hydroxyacyl-CoA dehydrogenase (gc 1.1.1.35), which catalyzes the conversion of (3S)-3-hydroxyacyl-
CoA into 3-oxoacyl-CoA. (5): The gene locus, AT2G33150, encodes 3-ketoacyl-CoA thiolase
(gc 2.3.1.16), which catalyzes the conversion of 3-oxoacyl-CoA into 2,3,4-saturated fatty acyl CoA.

ATUBP26 had significant relations with

the gene locus AT1G64190 which enco-

des phosphogluconate dehydrogenase (NADP+-dependent, decar-
boxylating) (gc 1.1.1.44) involved in the pentose phosphate
pathway (oxidative branch). Pentose phosphate pathway contrib-
utes to the control of the cell redox status, which is the key meta-
bolic pathway for the generation of reducing equivalents
(NADPH) to scavenge reactive oxygen species. Thus, when the
pollen grains germinate and pollen tubes grow through the pistil
tissue toward the embryo sacs, the glucose is metabolized through
the pentose phosphate pathway to generate NADPH. Therefore, it
is possible that circadian clock function synergistically in regulating
pentose phosphate pathway of Arabidopsis pollen tube to maximize
their ability to produce NADPH and eliminate ROS for facilitat-
ing pollen tube growth.

(IV). In plants, phosphatidic acid is a lipid-signaling mediator
involved in various cellular processes, such as in the regulation of
the tip growth of the pollen tube and the root hair.'* Numerical
detailed studies have shown that PtdIns(4, 5)P, leads to increased
[Ca?h] oy Whereas Ins(1, 4, 5)P3 causes a transient [Ca?h] oyt
increase of similar magnitude'>'¢. Depending on the Ca®* con-
centration, PLC is able to hydrolyze different substrates. At low
Ca®" concentrations, PtdIns(4, 5)P, is hydrolyzed, whereas at
higher Ca®" concentrations, PLC preferentially uses phosphati-
dylinositol phosphate (PIP) as the substrate.!” Monteiro et al.
showed that PtdIns(4, 5)P, and Ins(1, 4, 5)P3, together with PA,
play a vital role in the regulation of cytoplasmic [Ca®™] levels,
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endo/exocytosis, and vesicular trafficking in the apex of pollen
tubes.'® In addition, Monteiro et al also demonstrated that
PtdIns(4, 5)P, and Ins(1, 4, 5)P; signaling consists of a feedback
loop from the cytosol to the plasma membrane through a multi-

ple pathway system that involves the regulation of [Ca®"] o lev-

els, endo/exocytosis, actin cytoskeleton dynamics, and ves}i]cular
trafficking."®

Our previous study established that Arabidopsis phosphatidyli-
nositol 3-kinase (AtVPS15) functions in the development and
germination of pollen by catalyzing the biosynthesis of phospha-
tidylinositol 3-phosphate (PI3P)."” Germination ratio of pollen
from the ampsi5/+ genotype is about half when compared to
that of the wild type. When supplied with PI3P, in vitro pollen
germination of the arwpsl5/+ plant is greatly improved. Another
study has revealed the cooperating enzymes and consecutive steps
for the production of phosphatidic acid in Arabidopsis and maize
stigmas.® In this study, when the significanty differentially
expressed genes between probe pair sets in vitro, semi-in vivo and
in vivo grown pollen tube were mapped to the Arabidopsis
genome-scale enzyme correlation network model, we also
observed that encoded co-expressed enzymes and consecutive
steps in the phosphatidic acid biosynthesis pathway in the in
vivo—grown Arabidopsis pollen tubes during pollination (Fig. 3).

Recent study indicates that metabolites might play a role in
regulating the clock in plants.” Nitrate, glutamate and glutamine
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Figure 3. Consecutive steps in the phosphatidic acid biosynthesis pathway in Arabidopsis pollen
tube during pollination. (1). The gene locus, AT4G01190 encodes 1-phosphatidylinositol-4-phos-
phate 5-kinase, PIP5K (gc: 2.7.1.68) catalyzing the conversion of PtdIns4P to Ptdins(4,5)P,. (2). The
gene locus, AT3G55940 encodes phosphoinositide phospholipase C, PLC (gc: 3.1.4.11) catalyzing
the conversion of PtdIns(4,5)P, to Ins(1,4,5)Ps. (3). The gene locus, AT1G05630 encodes an inositol
polyphosphate 5-phosphatase (gc: 3.1.3.56) with phosphatase activity toward only Ins(1,4,5)Ps.

olism with other physiological processes
for facilitating pollen tube growth, further
evidence for the correlation between tran-
script and metabolite levels involved in the
fast-growing pollen tube should be pro-

treatments of Arabidopsis seedlings grown in low nitrate media
are able to shift the phase of oscillations of circadian clock.”® The
mechanism which the circadian clock regulate Ca®* oscillations
or Ca”* oscillations synchronise circadian rhythms is unknown.
Our study implicated that the circadian rhythms may have a
direct or indirect functional relationship with the cooperation of
phosphatidic acid mediating Ca** oscillations for facilitating
pollen tube growth.

Metabolic networks display very complex regulation at multi-
ple levels involving transcriptional, posttranslational and alloste-
ric regulation of enzyme activities. Circadian rhythms are
maintained by internal clocks and mediate physiology and
metabolism in plants. Accumulating experimental evidence sup-
ports a role for the circadian clock in leaves and petals, stomatal
opening, diurnal changes in photosynthetic activites and also
photoperiodicity-dependent control of flowering time.*' There is
not experimental evidence to support that circadian clocks have
impacts on pollen tube growth. Recently, Danny et al. give the
evidence which supports a role for the parent-of-origin effects on

vided using reverse genetic approaches,
such as enhancing or inhibiting the tran-
script levels (by T-DNA insertion and/or
RNAI) of the genes involved in regulating the circadian clock to
elucidate their biological functions. And, the clock-regulated
components are modulated by not only transcriptional but also
post-transcriptional, translational, and/or post-translational pro-
cesses. It is also necessary to analyze its effects on the regulation
of protein levels, protein modifications and metabolite amounts.
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