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Abstract

Background: Landoltia punctata is a widely distributed duckweed species with great potential to accumulate
enormous amounts of starch for bioethanol production. We found that L. punctata can accumulate starch rapidly
accompanied by alterations in endogenous hormone levels after uniconazole application, but the relationship
between endogenous hormones and starch accumulation is still unclear.

Results: After spraying fronds with 800 mg/L uniconazole, L. punctata can accumulate starch quickly, with a dry
weight starch content of up to 48% after 240 h of growth compared to 15.7% in the control group. Electron
microscopy showed that the starch granule content was elevated after uniconazole application. The activities of
key enzymes involved in starch synthesis were also significantly increased. Moreover, the expression of regulatory
elements of the cytokinin (CK), abscisic acid (ABA) and gibberellin (GA) signaling pathways that are involved in
chlorophyll and starch metabolism also changed correspondingly. Importantly, the expression levels of key enzymes
involved in starch biosynthesis were up-regulated, while transcript-encoding enzymes involved in starch degradation
and other carbohydrate metabolic branches were down-regulated.

Conclusion: The increase of endogenous ABA and CK levels positively promoted the activity of ADP-glucose
pyrophosphorylase (AGPase) and chlorophyll content, while the decrease in endogenous GA levels inactivated
a-amylase. Thus, the alterations of endogenous hormone levels resulted in starch accumulation due to regulation of
the expression of genes involved in the starch metabolism pathway.
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Background

Environmental pollution, global warming, and energy
shortages are urgent problems for sustainable develop-
ment. To gradually decrease our excessive dependence
on oil and reduce greenhouse gas emissions, many coun-
tries are looking for alternative energy sources. Renewable
and clean bioethanol is a promising alternative to oil.
However, most feedstocks for bioethanol production are
terrestrial crops, such as corn, cassava, and sweet potato,
which may compete with food or feed crops for agricul-
tural land and may lead to other environmental problems
[1-3]. Therefore, it is necessary to explore novel feedstocks
to make the development of the bioethanol industry more
sustainable and environmentally friendly.

Duckweed, the smallest and fastest-growing aquatic
plant on earth [4], has become a novel potential alterna-
tive for bioethanol production in recent years [5]. Duck-
weed can double its biomass in 16 h to 2 days [6] and
hence grows much faster than most other higher plants
[7]. The growth rate of duckweed can reach 12.4 g/mz/
day dry weight in warm regions [8], and its yield has been
documented up to 26.50 tons/ha/year dry weight [9]. The
dry weight of starch content can reach 75% under ideal
growth conditions [10]. Moreover, duckweed can grow
on eutrophic wastewater to recover pollution nutrients,
and it has been widely applied for wastewater treatment,
including industrial wastewater and domestic sewage
[11,12]. Importantly, duckweed biomass exhibits good
characteristics for bioethanol production due to its
relatively high starch and low lignin percentages [13],
and it has been successfully converted to bioethanol
in recent years [14,15]. Therefore, duckweed could be an
ideal candidate for renewable bioenergy sources. Duck-
weed has great potential to accumulate high starch, and a
high starch percentage is the key to energy utilization for
duckweed. The starch content of duckweed can be consid-
erably increased by manipulating growing conditions,
such as phosphate concentration, nutrient starvation [16],
and plant growth regulators [17-19]. Plant growth regula-
tors are common and efficient synthetic compounds that
are widely used to regulate plant growth and development
[20,21]. To obtain high quality and quantity duckweed for
bioethanol utilization, we systematically screened more
than 20 plant growth regulators, including auxin, cytoki-
nins (CKs), abscisic acid (ABA), and gibberellins (GAs), to
improve the starch and biomass yield of duckweed.
Screening results showed that uniconazole can be used as
an effective candidate for starch and biomass accumula-
tion of duckweed in Hoagland nutrient solution. Unicona-
zole (S3307) is a potent and active member of the triazole
family that was developed as plant growth retardants [22].
It can enhance plant photosynthetic rates, increase soluble
protein and total sugar content, elevate yield components
in various crop plants [23,24], and change the endogenous
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hormone content [25]. However, there have been few in-
depth studies into the responsive mechanism of plant
growth regulators. There has thus far been little research
linking uniconazole with expression changes in hormone
biosynthesis enzymes and on the roles of certain hormone
variations that cause high starch accumulation. Starch
is the major storage form of sugar and energy in plants.
The synthesis of starch in plant cells begins with the en-
zyme ADP-glucose pyrophosphorylase (AGPase), which
catalyzes the reaction of glucose-1-phosphate with ATP
to form ADP-glucose. The ADP-glucose is then used
a substrate by starch synthase (SS) enzymes to build up a
starch molecule. Branches in the chain are introduced
by starch-branching enzymes (SBEs), which hydrolyse
1, 4-glycosidic bonds, and in their place, create 1, 6
bonds with other glucose units. [26,27].

Next-generation sequencing (NGS) technology is a
new development of sequencing technology, and it can
provide a novel method to uncover transcriptomics data.
It is difficult to research metabolic pathways using con-
ventional biological techniques in non-model plants.
However, NGS technologies are not limited to detect-
ing transcripts that correspond to existing genomic
sequences, it is particularly attractive for non-model
plants with genomic sequences that are yet to be de-
termined [28,29]. This technology has been applied to
investigations in some non-model plants and was suc-
cessfully used to study metabolic pathways in duck-
weed last year [30]. In the accompanying report, we
showed that uniconazole elevated chlorophyll content,
enhanced the net photosynthetic rate, and altered the en-
dogenous hormone levels of duckweed (data not shown).
However, the relationship between the alteration of en-
dogenous hormone levels and starch accumulation is still
unclear. In this study, we constructed a comprehensive
transcriptome using NGS technology in combination with
physiological and biochemical analyses to investigate the
process of starch accumulation mediated by endogenous
hormones in Landoltia punctata.

Results

Impact of uniconazole on starch accumulation of

L. punctata

L. punctata 0202, originally collected from Sichuan,
China, is a widely distributed duckweed species with
great potential for starch accumulation. In this study,
frond samples were collected at 13 time points after
treatment with uniconazole for measurement of starch
percentages and the activity of enzymes related to starch
metabolism.

As shown in Figure 1, the starch content was 3.16%
(DW) at 0 h, but reached 10.31% at 3 h post-treatment.
The starch content reached 19.46% (DW) at 12 h and
finally reached 48.01% (DW) at 240 h following uniconazole
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Figure 1 Starch percentage of uniconazole-treated L. punctata. Fronds were collected at different time points and used for starch percentage
analysis. The starch percentage was calculated basing on dry weight. Each data point represents the mean of triplicate values; error bars indicate the
standard deviation.

treatment. The starch content in the control fronds over
the same time course remained mostly steady, reaching
87% (DW) at 12 h and 15.68% (DW) at 240 h post-
treatment. Next, frond samples were examined by electron
microcopy (Figure 2). The control frond cell contained
several chloroplasts with a few small starch granules. In
the uniconazole treatment group, several huge starch
granules were found in the chloroplasts.

Effect of uniconazole treatment on the activities of
enzymes involved in starch metabolism
To gain insight into the rapid accumulation of high
starch following uniconazole application, the activity of
enzymes involved in starch metabolism was analyzed.
The activities of two of the most important key enzymes
involved in starch synthesis (starch biosynthesis related
enzymes AGPase and soluble starch synthase (SSS))
were measured (Figure 3). The activity of AGPase in-
creased significantly from 8.20 to 27.59 U/mg protein at
5 h. After 24 h, the activity of AGPase increased slightly
until 48 h when it reached a nearly stable level, while
the activities of AGPase remained mostly constant in
the control sample. SSS activity increased from the initial
8.03 to 25.69 U/mg protein at 2 h, and then decreased to
7.24 U/mg protein at 240 h. SSS activity did not change in
the control sample.

The activities of starch degradation related enzymes in
L. punctata were also investigated (Figure 3). The activity
of alpha-amylase («x-amylase) was very low and changed

very little in both in the control and treatment samples.
The activity of a-amylase was 0.0025 U/mg protein at 0 h
and reached to 0.037 and 0.0051 U/mg protein in the
treated and control samples at 240 h, respectively. How-
ever, following treatment, beta-amylase (-amylase) activ-
ity increased gradually from 0.0319 to 0.0747 U/mg
protein at 1 h, and finally increased to the 0.3446 U/mg
protein at 240 h in the treated sample, with little change
in the control sample.

Sequencing, de novo assembly, and functional annotation
of the L. punctata transcriptome

To investigate the genome-wide expression patterns of
uniconazole treated L. punctata, samples collected at the
0, 2, 5, 72, and 240 h time points were used for RNA-
Seq analysis. Results indicated that most of the contigs
were protein-encoding transcripts. For more details on
assembly statistics of the L. punctata transcriptome,
please see the accompanying report (data not shown).
To analyze temporal expression patterns of each tran-
script following uniconazole treatment, all RNA-Seq
reads from each L. punctata sample were used for
mapping analysis. The expression value of each tran-
script was calculated and normalized according to the
RESM-based algorithm. We identified 70,090, 71,268,
71,170, 75,092, and 95,367 transcripts expressed at O,
2, 5, 72, and 240 h, respectively (Figure 4). According
to edgeR [31], compared with O h, there were 9,722,
11,139, 15,261, and 25,323 transcripts that were
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Figure 2 Transmission electron micrographs (TEM) study of L. punctata. (A) TEM picture of frond cells under lower magnification without
treatment, Bars=2 um; (B) TEM picture of a section of a frond cell under higher magnification without treatment, Bar =1 pym; (C) TEM picture of
frond cells under lower magnification treated by uniconazole, Bar =2 um; (D) TEM picture of a section of a frond cell under higher magnification
treated with uniconazole, Bar=1 um; Abbreviations are chloroplast (C), starch granule (S), intercellular air space (A), nucleus (N).

J

significantly differentially expressed at 2, 5, 72, and 240 h,
respectively (Additional file 1: Table S1). Among these
four differentially expressed transcripts (DETs: 2 vs O h, 5
vs 0 h, 72 vs 0 h, 240 vs 0 h), 2,929 transcripts were shared
between these four DET sets. Compared with each other
in these four DET sets, 5,503 transcripts were shared be-
tween 2 vs 0 h and 5 vs 0 h, 6,281 were shared between 5
vs 0 h and 72 vs 0 h, 5,339 transcripts were shared be-
tween 2 vs 0 h and 72 vs 0 h, 5,738 transcripts were shared
between 2 vs 0 h and 240 vs 0 h, 6,641 transcripts were
shared between 5 vs 0 h and 24 vs 0 h, and 10,621 were
shared between 72 vs 0 h and 240 vs O h.

Expression analysis of transcript-encoding regulatory
proteins and transcription factors involved in the CK,
ABA, and GA signaling pathways

The transcripts of regulatory proteins and transcription
factors involved in the CK, ABA, and GA signaling path-
ways changed significantly in response to uniconazole
treatment (Figure 5). Cytokinins are degraded by cytokinin

oxidase/dehydrogenase (CKXs) which is thought to play a
key role in controlling cytokinin levels in plants. The ex-
pression of CKX was down-regulated from 11.97 frag-
ments per kilobase of transcripts per million mapped
fragments (FPKM) at 0 h to 4.22 FPKM at 240 h. In the
signaling pathway of cytokinin, the cytokinin receptors
histidine kinases (HKs) were up-regulated. For example,
HK3 expression increased from 27.22 to 49.06 FPKM at
72 h (Additional file 2: Table S2). Their downstream ele-
ments histidine phosphotransfer proteins (AHPs) carry
conserved amino acids required for phosphotransfer via a
conserved histidine residue. There was no significant
change in expression of AHPs. Type-B Arabidopsis thali-
ana response regulator (type-B ARR) interacts with the
promoter of STAY-GREEN2 (SGR2) and interrupts tran-
scription of the chlorophyll degradation pathway. SGR ex-
pression was up-regulated significantly from an initial
value of 8.46 to 130.77 FPKM.

The core ABA signaling components have been well
described in recent years. The family of START proteins
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Figure 3 AGPase, SSS, a-amylase, and (-amylase activity. Fronds were collected at different time points and used for starch metabolism-related
enzymatic activity assay after uniconazole treatment. (A) The activity of ADP-glucose pyrophosphorylase (AGPase); (B) The activity of
soluble starch synthase (C) The activity of a-amylase; (D) The activity of 3-amylase. All data are presented as the mean of triplicate
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(PYLs) act as ABA receptors, and 13 of 14 members of
the Arabidopsis PYL family have been identified. PYL1
and PYLS8 were identified in duckweed, and the expres-
sion levels of PYL1 increased from 36.88 FPKM at 0 h
to 45.27 FPKM at 240 h. The expression of the PP2C
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Figure 4 Differential expression between each pair of samples. Venn
diagram showing unique and shared genes between time points.
Overlapping examinations were performed based on the resulting
gene lists from four comparisons by VENNY [74]. Overlap among
four groups, 2 vs 0 h (blue), 5 vs 0 h (yellow), 7 vs 0 h (green), and
240 vs 0 h (red) are shown.

negative regulator (comp31119_c0_seql) decreased from
308.55 FPKM at 0 h to 122.48 FPKM at 240 h. There
were no significant changes observed for the expression
of transcript-encoding abscisic acid insensitive 4 (ABI4)
(comp31717_c0_seql). The expression was 0.14, 0.22,
0.05, 0.09 and 0.14 FPKM, respectively. The expression
of two identical large subunits of AGPase (AGP-LS
comp37255_c0_seql) was up-regulated from the initial
value of 122.13 to 192.48 FPKM at 240 h (Additional
file 2: Table S2).

In the GAs signal pathway, transcriptomics data showed
that the expressions of GA receptor GA insensitive dwarf
1 (GID1 comp41567_c0_seql) were down-regulated from
44.03 to 23.93, 28.28, and 33.5 FPKM at different time
points. The expressions of transcript-encoding DELLA pro-
teins (comp33138_c1_seql) were down-regulated from 6.3
to 4.55, 3.05, 3.61, and 2.12 FPKM, respectively. Moreover,
the expression levels of transcript-encoding a-amylase were
down-regulated from the initial value of 8.03 to 6 FPKM.

Expression analysis of transcript-encoding key enzymes
involved in starch accumulation

Starch is the major storage carbohydrate in plants. To
investigate the mechanisms by which uniconazole treat-
ment resulted in starch accumulation, the expression
patterns of transcript-encoding key enzymes were analyzed
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Figure 5 A hypothetical model of cytokinin, abscisic acid, and gibberellin signal pathways related to carbohydrate metabolism. Red indicates
up-regulated expression, green down-regulated gene expression, gray means no significant difference was observed, and white means this
enzyme was not found in this study. The major signaling pathways are indicated by black lines and arrows. Dotted arrowed lines indicate
indirect or unconfirmed connections. Blue arrow indicates enlarged image. Cytokinin is perceived by the cytokinin receptor HKs. Cytokinin
binding to HKs activates autophosphorylation (P) via AHPs (histidine phosphotransfer proteins) in the cytoplasm. Then type-B Arabidopsis thaliana
response regulator (type-B ARR) interacts with the promoter of STAY-GREEN2 (SGR2). The family of START proteins (PYLs) act as ABA receptors. ABA
combines with intracellular PYL and type 2C protein phosphatase (PP2C) to form an ABA-PYL-PP2C complex. This complex inhibits the activity of PP2C
in an ABA-dependent manner and activates SNF1-related protein kinase 2 families (SnRK2s). Abscisic acid insensitive 4 (ABI4) induces ADP-glucose
pyrophosphorylase subunit AGPLs (ApL3) gene expression. The main components of the GA signal pathway include GA receptor (GID1) and DELLA
growth inhibitors. The GA-GID1-DELLA complex stimulates the degradation of DELLAs to regulate plant growth. GID1 regulated the transcription of

amylase by a number of transcriptional regulatory.

(Figure 6). Gene expression profiling results showed that
the expression of transcript-encoding AGPase were up-
regulated from 24 to 95 FPKM at 240 h (comp37852_c0_
seql). Transcript-encoding granule-bound starch synthase
(GBSS) exhibited an expression level of 106 FPKM at 0 h
and increased to 311 FPKM at 240 h (comp31254_c0_
seql). There were no significant changes observed for the
expression of transcript-encoding SSS and SBE (Additional
file 3: Table S3).

Transcript-encoding enzymes involved in starch deg-
radation and other carbohydrate metabolic branches
were also analyzed. The expression level of transcript-
encoding trehalose-6-phosphate synthase (EC: 2.4.1.15;
TPS), which catalyze the biosynthesis of trehalose using
UDPGlucose as substrate, was down-regulated from 78.1
to 18.7 FPKM (comp36386_c1_seq6) at 240 h after uni-
conazole treatment. Carbohydrate metabolic branches
that compete with the synthesis of starch were also mea-
sured, including hexokinase (EC: 2.7.1.1), beta-glucosidase
(EC: 3.2.1.21), phosphoglucomutase (EC: 5.4.2.2), sucrose-

phosphate synthase (EC: 2.4.1.14), and sucrose synthase
(SuSy EC: 2.4.1.13). Specifically, hexokinase (comp24929_
cl_seq2) was significantly down-regulated from 59 to 18
FPKM at 240 h. No significant increase was observed for
the expression of transcript-encoding a-amylase. However,
transcript-encoding p-amylase exhibited an expression
level of 15 FPKM at 0 h and increased to 309 FPKM at
240 h (comp16912_c0_seql).

Discussion

The relationship between endogenous hormones induced
by uniconazole and starch accumulation in L. punctata
Numerous studies have investigated different types of plant
growth regulators that regulate growth and development
in plants. Some articles focus their investigations on cer-
tain stress responses mediated by one or two types of plant
hormones [32-34]. These studies often analyze phenotypic,
biochemical, and physiological data. Some studies research
the function of regulatory elements on hormones of signaling
pathways [35,36]. Other studies investigate the relationship
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between different types of hormones [37-39]. Regulatory
proteins are the main focus in these articles, which utilize
molecular biology techniques with little to no focus on
metabolic pathways. Additionally, some articles used tran-
scriptome analyses to study the response of plants treated
with hormones [40-42]; however, these articles empha-
sized the up- or down-regulation of genes or discovery of
new genes, but did not consider metabolic pathways. Li
[43] used RNA sequencing technology to understand the
mechanisms of parthenocarpy and predicted 14 genes
as putative parthenocarpic genes. The transcription ana-
lyses of these candidate genes revealed that auxin, cytoki-
nin, and gibberellin crosstalk at the transcriptional level
during parthenocarpic fruit set, but the metabolic path-
ways of these hormones were not mentioned. In this
study, we analyzed metabolic pathways using NGS tech-
nology; this data, combined with physiological and bio-
chemical analyses and crosstalk of different plant hormones,
allowed us to elucidate the process of starch accumulation
in L. punctata.

The alteration of the endogenous CK, ABA, and GAs
co-regulates starch metabolism in L. punctata. The en-
dogenous hormone content changed dramatically fol-
lowing uniconazole application. ABA content increased
from 61.47 to 166.53 ng/g (FW), ZR increased from 7.73
to 11.87 ng/g (FW), and the level of GA, 3 decreased from

9.25 to 5.57 ng/g (FW) following treatment (accompany-
ing report). CKs elevated the chlorophyll content by con-
trolling regulatory proteins involved in the chlorophyll
biosynthesis signaling pathway. CKs are a class of plant
growth substances that promote cell division, chloroplast
synthesis, and amyloplast formation [44,45]. Furthermore,
the increase of CKs plays an important role in regulating
grain filling pattern and consequently elevated starch ac-
cumulation [46]. In the CK mediated chlorophyll synthesis
signaling pathway [47,48], CKs are degraded by CKXs.
The transcriptomics data suggested that HKs and SGR
were up-regulated. The expression of SGR was up-
regulated significantly from the initial value of 8.46 to
130.77 FPKM. The interaction of type-B ARR with SGR2
was assayed to determine whether the cytokinin signaling
pathway interacted with a key step in chlorophyll degrad-
ation within the chloroplast [49]. The increase in SGR can
suppress the degradation of chlorophyll, thereby improv-
ing chlorophyll content. Furthermore, the expression pat-
tern of the regulatory proteins described above coincided
with the increase in chlorophyll content. The chlorophyll
a content increased from the initial value of 0.998 to
1239 mg/g (FW), and chlorophyll b increased from the
initial value of 0.426 to 0.488 mg/g (FW). The chlorophyll
a and chlorophyll b content increased by 25.6% and 27%,
respectively, compared to the control sample. Importantly,
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the improvement of the net photosynthetic rate was con-
sistent with the increase of starch and biomass accumula-
tion. The net photosynthetic rate increased from the
initial value of 8.83 umol CO,/m?/s to 22.05 and 25.6 pmol
CO,/m?/s in the control and treatment groups, respect-
ively (accompanying report). Thus, the improvement of
chlorophyll content and net photosynthetic rate may lead
to starch and biomass accumulation in L. punctata.

ABA up-regulated the expression of AGPase large sub-
unit gene transcription by controlling the expression of
regulatory elements of the ABA signal pathway. Studies
have shown that ABA can up-regulate AGPase gene
transcription in rice suspension cells [50] and suppress
the expression of gene-encoding amylases and proteases
[51]. Reports also indicated that the rates of starch accu-
mulation are positively correlated with ABA levels in
wheat grains. As shown in Figure 5, the expression of
transcript-encoding ABA receptors of PYLs was up-
regulated from 36.88 to 45.27 FPKM at 240 h. ABA com-
bines with intracellular PYL and negative regulator PP2C
(type 2C protein phosphatase) to form an ABA-PYL-PP2C
complex. ABI4 induces ADP-glucose pyrophosphorylase
subunit (ApL3) gene expression [52-55]. Moreover, the ex-
pression of the AGPase large subunit gene (ApL3) also in-
creased. Importantly, the up-regulated expression of the
AGPase large subunit gene strongly supported the im-
proved activity of AGPase, and the increased activity of
AGPase promoted starch accumulation in duckweed.

GAs suppressed the expression of the amylase gene by
controlling expression of regulatory factors. A study of
GA regulating the growth and carbohydrate metabolism
of potatoes showed that GA3 could substantially reduce
the activity of AGPase in the growing tubers of potatoes
[56]; therefore, uniconazole treatment might eliminate
the obstacle by blocking GA synthesis and enhancing
starch accumulation. GAs can induce or activate a-
amylase and other hydrolases, which is not conducive to
the synthesis and accumulation of starch [57,58]. More-
over, reports showed that during grain filling, the ratio
of endogenous GAs and ABA changes greatly in rice. The
ABA content was significantly increased and GA content
dramatically decreased, which enhanced the remobiliza-
tion of prestored carbon to the grains and accelerated the
grain filling rate [59]. In this study, the expression of
a-amylase was down-regulated from the initial 8.03 to
6 FPKM. The decrease of GA levels suppressed a-amylase
expression, and the reduced activities of a-amylase pre-
vented starch degradation in duckweed. These findings
also support starch accumulation.

The improvement of starch accumulation following
uniconazole treatment was closely associated with the el-
evated level of endogenous ABA and CK and reduced
GA content in duckweed. In this study, high levels of
CKs accelerated the biosynthesis of chlorophyll and the
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net photosynthetic rate, the increased ABA content pro-
moted the activity of AGPase, and the low levels of GAs
inactivated amylase. Overall, the alterations in endogen-
ous hormone levels following uniconazole treatment im-
proved starch accumulation in duckweed by influencing
the related enzymes involved in carbohydrate metabol-
ism and processes.

Starch accumulation of L. punctata under uniconazole
treatment

The rapid starch accumulation in fronds of L. punctata
after uniconazole treatment displayed some similarities to
grain filling which is a major process of starch biosynthesis
and accumulation in seeds. For instance, both processes
are rapid and show similar alteration of endogenous hor-
mone levels such as a decrease in GAs and an increase in
ABA. In addition, some key enzymes (AGPase and SSS)
involved in starch biosynthesis are regulated in a similar
way in both processes.

In this study, the transcriptomics analyses, enzymatic
assays, and starch percentages were integrated to un-
cover the process of rapid accumulation of high starch
after uniconazole application. The data from three lines
of evidence were analyzed and compared. Investigation
of starch composition showed that the starch content
and biomass yield in L. punctata accumulated rapidly.
After culturing for 240 h, the starch content reached
48% in the treated samples and 15.7% in the control
samples from an initial yield of 3.2% (Figure 1). The bio-
mass of treated samples (dry weight) improved 10% over
the control samples (data not shown). As a result, the
total starch that accumulated in the treated samples was
3.4 times higher than that in the control samples. Mean-
while, the enzyme activities involved in starch synthesis,
such as AGPase and SSS, were improved dramatically by
uniconazole treatment (Figure 3). The activity of AGPase
increased significantly from 8.20 to 27.59 U/mg protein,
representing a 3.4-fold increase. Importantly, the ex-
pression patterns of transcript-encoding key enzymes
involved in starch biosynthesis and degradation fur-
ther supported the physiological and biochemical re-
sults described above. Transcriptome analysis showed
that the expression of GBSS transcripts were up-regulated
significantly.

Starch phosphorylation and glucan hydrolysis are
two necessary steps in the degradation process. Glucan
water dikinase (GWD) and phosphoglucan water dikinase
(PWD) are responsible for starch phosphorylation. B-
amylases catalyze the hydrolysis of a-1, 4-glycosidic link-
ages and release maltose from the exposed nonreducing
ends of glucan chains. A-amylases hydrolyze a-1, 4 link-
ages within polymers exposed on the surface or in chan-
nels within granules, releasing soluble glucans that are the
substrate for further degradation [60,61]. In this study,
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there no significant changes were observed for the expres-
sion of transcript-encoding GWD. The expression level of
GWD (comp38348 cl_seql) was 40.24, 39.54, 63.45,
39.05, and 47.73 FPKM in different time points, respect-
ively. The starch degradation enzyme activities of a-
amylase changed little between the control and treated
samples. Though the expression of p-amylase was in-
creased in a manner contradictory with starch accu-
mulation, physiological data showed that the activity
of B-amylase was too low to compare with the improved
enzyme activity of starch biosynthesis. The expression
of enzymes involved in competitive starch metabolic
branches, including hexokinase sucrose-phosphate syn-
thase, phosphoglucomutase (EC: 5.4.2.2) and others were
also down-regulated (Figure 6). Coupled with the up-
regulation of starch biosynthesis related key enzyme-
encoding transcripts, the down-regulation of transcripts
finally redirected alpha-D-glucose-1P and UDP-glucose to
the starch biosynthesis branch.

In this study, up-regulation of key enzymes in starch
biosynthesis, in combination with down-regulation of
transcripts of key enzymes related to starch degradation
and other carbohydrate metabolic branches that com-
pete with the synthesis of starch, eventually led to the
accumulation of starch in L. punctata.

Uniconazole has a similar chemical structure to paclo-
butrazol. It reduces plant growth more than paclobutra-
zol when applied as a soil drench in equal amounts. On
average, the amount of paclobutrazol required is four to
ten times that of uniconazole, to obtain a similar effect
on plant size [62]. Early research indicated that unicona-
zole can be very persistent in retarding plant growth
without causing phytotoxicity [63]. Half-lives of paclobu-
trazol and uniconazole in water were 24.4 and 5.2 days,
respectively. Uniconazole-p is non-toxic to birds, bees,
and earthworms, but slightly toxic to fish and aquatic in-
vertebrates. Therefore, it can be applied to high starch
accumulation of duckweed in large-scale cultivation.

Conclusions

In this study, high starch accumulation in L. punctata
0202 was achieved after uniconazole application in a
nutrient-rich environment. The process of starch accu-
mulation was investigated at physiological, biochemical,
and transcriptome levels. The increase in endogenous
ABA and CK levels further enhanced the activity of
AGPase and chlorophyll biosynthesis, while decreased en-
dogenous GA levels significantly correlated with the in-
activation of a-amylase. Moreover, uniconazole increased
the levels of substrates of starch synthesis and regulated
transcriptional expression of enzymes by changing the
biosynthesis of endogenous hormones, resulting in starch
accumulation in duckweed. Because of the complex
interaction among different hormones, the alteration
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of endogenous hormone levels can provide further insight
into the relationship of endogenous hormones to starch
accumulation. In this study, an operable process for high
starch accumulation in duckweed was developed, paving
the way for large-scale treatment of wastewater and the
application of duckweed to bioenergy.

Materials and methods

Duckweed cultivation and uniconazole treatments

L. punctata 0202 was originally collected from Sichuan
province, China. It was cultivated in standard 1/6Hoagland
E+ solution (Total N =58.3 mg/L, P =25.8 mg/L) [64] cul-
ture for 3 days under a 16/8 h day/night photoperiod, with
a light intensity of 130 pmol/m*/s and a temperature of
25°C/15°C at day/night. Then, 6 g of fronds were trans-
ferred into 1,000 mL 1/6 Hoagland E+ culture plastic con-
tainers (23 x 14 x 4.5 c¢cm) for further cultivation over a
period of 10 days. Uniconazole powder was produced in
Japan and purchased from Aoke Biotech Corp (Beijing,
China). The concentration of uniconazole used in this
study was 800 mg-L™". To investigate the effect of unico-
nazole treatment on L. punctata, a 5-mL solution of
800 mg- L' uniconazole was sprayed evenly on the sur-
face of fronds. Controls were sprayed with 5 mL water
containing 10% methanol. The experiments were carried
out with three replicates. Thirteen different time points, in-
cluding 0, 1, 2, 3, 5, 7, 12, 24, 48, 72, 120, 168, and 240 h
after fronds were cultured in solution and were chosen for
composition and enzymatic activity assays. For each time
point, fronds were collected from three culture plastic con-
tainers. Samples collected at 0, 2, 5, 72, and 240 h were fro-
zen in liquid nitrogen immediately for the RNA-Seq study.

Material composition

The starch content was described as glucose content in
total sugar by HPLC (Thermo 2795, Thermo Corp, Wal-
tham, USA)-ELSD (All-Tech ELSD 2000, All-tech, Corp,
Nicholasville, USA) using the following method. The
starch content was determined using the total sugar
content (starch content = glucose content x 0.909). Dry
duckweed powder was hydrolyzed with 1.2 M HCI in
a boiling water bath. After adjusting the pH to 7 with
10 M NaOH, PbAc was added to precipitate protein.
After the solution was measured, filtered, and treated
with a C18 extraction column, the hydrolyzate was
analyzed by HPLC (Thermo 2795, Thermo Corp.) with an
Evaporative Lightscattering Detector (All-Tech ELSD
2000, All-tech., Corp.) [65].

Microscopic analysis of fronds

Fronds in the uniconazole treatment group and control
group were fixed, embedded, and dehydrated as described
[66,67]. Samples were fixed in 5% glutaraldehyde in 0.1 M
PBS (pH 7.4) containing 2% Suc in a 2 mL tube at 4°C
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overnight followed by 3 h at room temperature. Samples
were rinsed with 0.1 M PBS (pH 7.4) and postfixed in
buffered 1% osmium tetroxide at 4°C overnight, followed
by dehydration in a graded series of acetone washes. The
dehydrated samples were then embedded in epon resin.
The 1 mm-thick sections were picked up on a glass slide,
stained with methylene blue, and scoped with a light
microscope. Ultrathin sections were cut with an ultrami-
crotome (Leica EM UC6, Wetzlar, Germany) and ob-
served with transmission electron microscopy (TEM;
Tecnai G* F20S-Twin, FEI, Hillsboro, USA) at 200 kV
after staining with uranyl acetate and lead citrate.

Carbohydrate metabolism enzyme activity assay

To investigate enzyme activity, 1 g fresh weight duck-
weed was homogenized with a ceramic pestle in an ice-
cold mortar in 5 mL of 50 mmol/L. HEPES-NaOH (pH =
7.6), 5 mmol/L DL-Dithiothreitol, 8 mmol/L MgCl,,
2 mmol/L EDTA, 2% (w/v) polyvinylpyrrolidone-40,
and 12.5% (w/v) glycerol. The homogenate was centri-
fuged at 10,000 x g for 5 min. The supernatant extract was
used as a crude enzyme solution stored at —20°C. All pro-
cedures were carried out at 0 to 4°C. The activities of a-
amylase (1, 4, d-glucan glucanohydrolase) and B-amylase
(1, 4, d-glucan maltohydrolase) were estimated following
the method of Tarrago and Nicolas [68,69]. The enzymatic
activities of SSS and AGPase were assayed according to
Nakamura et al. [69].

RNA extraction and cDNA fragment library construction
Five L. punctata samples were collected at the 0, 2, 5,
72, and 240 h time points after treatment with unicona-
zole. For each sample, total RNA was extracted from
200 mg fronds using the OMEGATM Plant DNA/RNA
kit (OMEGA, Norcross, USA) and genomic DNA was
digested by DNase I (Fermentas, Waltham, USA) accord-
ing to the manufacturer’s instructions. RNA concentra-
tion, OD260/280, OD260/230, 285/18S and RNA integrity
number (RIN) were measured with the Agilent 2100
Bioanalyzer or NanoDrop (Agilent, Santa Clara, USA).
Qualified total RNA extracted from each sample was sub-
mitted to the Beijing Genomics Institute (BGI)-Shenzhen,
Shenzhen, China, (http://www.genomics.cn) for RNA se-
quencing by Illumina HiSeq 2000 (Illumina, San Diego,
USA). cDNA fragment libraries were constructed accord-
ing to the manufacturer’s instructions using the TruSeq
RNA Sample Prep kit. Library quality control analysis was
performed using the Agilent 2100 Bio-analyzer.

RNA sequencing and paired-end reads assembly

The validated 200 bp fragment cDNA libraries were sub-
mitted to the Illumina HiSeq 2000 platform for paired-
end (PE) RNA sequencing. PE read sequencing quality
was assessed by fastqc (http://www.bioinformatics.bbsrc.
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ac.uk/projects/fastqc/) and then de novo assembled using
Trinity (v2012-06-08) [70] under default parameter choices.
All PE reads were used to align back to these assembled
sequences using the Bowtie2 (v2.0.0-beta5) program [71].
Accordingly, the read align rate was calculated. Length
distribution analysis was performed with Perl scripts
(Additional file 4) to calculate the N50 number, average
length, and max length. The best candidate open reading
frame (ORF) was predicted using Perl scripts in the
Trinity package (v2012-06-08) [70].

Functional annotation and cluster

All contigs assembled by Trinity (v2012-06-08) [70] were
submitted to Blast2GO [72,73] for functional annotation.
A BLASTX similarity search was performed against the
NR database (http://www.ncbi.nlm.nih.gov/) by Blast2GO
with a threshold of E value <10°. Enzyme codes were ex-
tracted, and Kyoto Encyclopedia of Genes and Genomes
(KEGG) pathways were retrieved from the KEGG web ser-
ver (http://www.genome.jp/kegg/).

Expression pattern analysis

To analyze the express levels of each transcript at differ-
ent time points following uniconazole treatment, all PE
reads for each sample were used for mapping analysis
with Perl scripts in the Trinity package (v2012-06-08)
[70] under default parameter choices. The expression
value of each transcript was calculated and normalized
according to the RESM-based algorithm using the Perl
scripts in the Trinity (v2012-06-08) package to obtain
FPKM values. P values and log, fold change (log,FC) were
calculated, and significantly DETs between each sample
set were identified with P value <0.05 and log,FC >1.
Hypergeometric tests based on the KEGG annotation
were performed for each DET group identified between
each sample set using R scripts (Additional file 4) to ex-
tract the enriched KEGG pathway. Additionally, we
depicted differences and commonalities in the number of
DEGs using the VENNY under default parameter choices
(http://bioinfogp.cnb.csic.es/tools/venny/index.html) [74].

Calculations and statistics

Each data point represents the results of three sample
experiments; the results are provided as means + stand-
ard error in the figures.

Additional files

Additional file 1: Table S1. Sequence annotations of L. punctata
transcripts and the gene expression profiling of five samples.

Additional file 2: Table S2. Expression levels of some regulatory

proteins and transcription factors involved in CK, ABA, and GA signaling
pathways.
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Additional file 3: Table S3. Expression levels of some carbon
metabolism related genes.

Additional file 4: Common scripts. The common scripts including Perl
scripts and R scripts for assembly statistic and pathway enrich.
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