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Abstract
Main conclusion Red light (RL) accelerated starch accumulation in S. polyrhiza, but higher protein content under blue
light (BL) was associated with the upregulation of most DEGs enriched for specific GO terms and KEGG pathways.

Abstract Red light (RL) and blue light (BL) greatly influence the growth and physiological processes of duckweed. Physi-
ological and molecular mechanisms underlying the response of duckweed to different light qualities remain unclear. This
study employed physiological and transcriptomic analyses on duckweed, Spirodela polyrhiza “5510”, to elucidate its dif-
ferential response mechanisms under RL, BL, and white light conditions. Changes in growth indicators, ultrastructure
alterations, metabolite accumulations, and differentially expressed genes (DEGs) were measured. The results showed that
BL promoted both biomass and protein accumulations, while RL promoted starch accumulation. A total of 633, 518, and
985 DEGs were found in white-vs-red, white-vs-blue, and red-vs-blue comparison groups, respectively. In Gene Ontology
(GO) enrichment analysis, the DEGs in all three comparison groups were significantly enriched in two GO terms, carboxylic
acid metabolic process and lyase activity. In Kyoto Encyclopedia of Genes and Genomes (KEGG) analysis, the DEGs were
greatly enriched in two pathways, histidine metabolism and isoquinoline alkaloid biosynthesis. Higher protein content under
BL was associated with the upregulation of most DEGs enriched with the GO terms and KEGG pathways. Furthermore, the
light qualities influenced the gene expression patterns of other metabolic pathways, like carotenoid biosynthesis, and the
regulation of these genes may explain the level of photosynthetic pigment content. The results revealed the physiological
changes and transcriptome-level responses of duckweed to three light qualities, thereby providing bases for further research
studies on the ability of duckweed as a biomass energy source.

Keywords Amino acids - Carotenoid biosynthesis pathway - Differentially expressed genes (DEGs) - Duckweed - Light
wavelength - RNA-seq - Starch

Abbreviations Introduction

BL Blue light

DEG Differentially expressed gene With the rapid growth of world energy demand, the increas-
RL Red light ing reliance on fossil fuels will bring a series of challenges
WL  White light that affect sustainable development, especially energy

shortages and environmental pollution. Biofuels, such as
bioethanol and biomass production, have the potential to
replace traditional fossil fuels and could reduce our current
reliance on fossil fuels. At present, most bioethanol pro-
duction involves bioenergy crops or agricultural residues
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sources of raw materials for bioethanol production (Cui and
Cheng 2015).

As a small flowering aquatic plant with global adaptabil-
ity, duckweed has become a new potential alternative aquatic
bioenergy crop in recent years (Ge et al. 2012; Zhao et al.
2015a). Compared to most bioenergy plants, duckweed has
a longer yearly production period as well as a faster growth
rate. Previous studies have shown that duckweed can grow
up to 12.4 g m~2 day~! dry weight and yield up to 55 tons
hectare™! year™! dry weight in areas with suitable tempera-
tures (Chaiprapat et al. 2005; Xu et al. 2011). In recent years,
duckweed has been successfully used for bioethanol produc-
tion, and more significantly, the high starch and low lignin
properties of duckweed make it an ideal industrial feedstock
(Cui et al. 2011; Chen et al. 2012). In addition, duckweed
can effectively remove nutrients from eutrophic wastewater
during its growth process, indicating its utility for wastewa-
ter treatment (Cheng and Stomp 2009; Li et al. 2016; Zhong
et al. 2016). Hence, growing duckweed for biofuels can also
provide significant environmental benefits.

One of the essential characteristics of a bioenergy feed-
stock is its high starch percentage. The induction of starch
accumulation in duckweed is a prerequisite for it to become
a high-quality bioenergy feedstock. However, the starch
content of duckweed is significantly affected by its growing
conditions, including light as one of its very important envi-
ronmental factors. The growth and metabolism of plants are
significantly regulated by both light intensity and light qual-
ity (Zhong et al. 2018). The regulation of light intensity on
plants has been well studied in the past (Artetxe et al. 2002).
In contrast, the research on the molecular basis of light qual-
ity regulation of plant growth and metabolism is relatively
lacking. Since the first genome assembly of Spirodela pol-
yrhiza was published (Wang et al. 2014), the genome assem-
bly has been improved using Pacbio or Oxford long reads by
different research groups, respectively (Hoang et al. 2018;
An et al. 2019; Harkess et al. 2021). These excellent avail-
able duckweed genomes provide an opportunity to analyze
gene localization, gene classification, and functional annota-
tion on the molecular basis of light quality on the regulation
of growth and metabolism in duckweed (Acosta et al. 2021).
In the present study, three light conditions under 60 pmol
photons m2Zs! intensity (red 660 nm, blue 460 nm, and
white light 380-800 nm) were examined to figure out their
effects on the growth and metabolism of the duckweed strain
Spirodela polyrhiza “5510”. The transcriptome profiling
and differentially expressed genes (DEGs) involved in the
regulation of duckweed growth and metabolism under three
light wavelengths were also examined to determine the pos-
sible molecular mechanisms by which duckweed respond
to different light wavelengths. This work aimed to reveal
the molecular response of duckweed to three light quali-
ties at the transcriptome level and provide bases for future
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research studies on the ability of duckweed as a biomass
energy source.

Materials and methods
Plant materials and experimental design

Samples of Spirodela polyrhiza “5510” (international iden-
tification of duckweeds) were isolated from Chaohu Lake
(31°3912.4",117°43'38.3") in China (Zhao et al. 2012). The
duckweed samples were gently rinsed with 1% of sodium
hypochlorite solution (NaClO) for 1 min to remove surface
contaminants. Individual fronds were incubated in modi-
fied Schenk-Hildebrandt medium and investigated under
non-sterile conditions (SH medium; Schenk and Hildebrandt
1972). The duckweed samples were cultivated in a growth
chamber at 25 +0.5 °C with a diurnal cycle of 16/8 h day/
night.

To establish the influences of three light wavelengths
on the duckweed cultures, duckweed were cultivated in a
growth chamber (LB-175 N, Longyue, Shanghai, China)
incubated at 25+ 0.5 °C, and irradiated with varied lighting
wavelengths, specifically: red light wavelength at 660+ 5 nm
(RL), blue light wavelength at 460 +5 nm (BL), and white
light wavelength at 380-800 nm (WL) produced by light-
emitting diode (LED). Beakers were irradiated under
60 pmol photons m~> s~! with a 16/8 h day/night cycle.
Duckweed cultures with 1 g initial fresh weight were inocu-
lated in a 250 mL beaker with modified SH medium. The
beaker used had a surface area of 36 cm”. The duckweeds
were exposed to the three light treatments for 12 days, har-
vested at the end of the light treatment on day 12, and then
used for all data measurements. All experiments were per-
formed in triplicates. Evaporated water was replenished
daily with ultrapure water.

Measurement of growth rate and pigments

The light-treated fresh duckweed cultures were harvested
at the end of the light treatment on day 12 after removing
the surface medium, then lyophilized at — 50 °C, and then
weighed. Duckweed growth rate was calculated using the
following equation (Naumann et al. 2007):

RGR = (Inx,, — Inx,)/(tn — 10) )

The measured parameter x (DW) at the end (tn) and the
start of the experiment (t0) for each repetition separately,
where x,, refers the dry weight of the harvested duckweed
(g) at time t and X, stands for the dry weight of the duck-
weed at the start of the experiment (Eq. 1).
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A fresh sample of duckweed was prepared by taking
0.2 g, and then was ground and added to 80% of acetone
until the sample turned white. The sample was filtered, and
the filtrate was added with distilled water to a total volume
of 100 mL. The absorbance of the extract was measured at
470 nm, 646 nm, and 663 nm using a spectrophotometer
(TU-1810s, PERSEE, Beijing, China). The levels of chlo-
rophyll a (Chl a), chlorophyll b (Chl b), and carotenoids
(Car) were measured using the formula below (Lichtenthaler
1987):

Chla

12.21 X Aggz—2.81 X Agyq Q)

Chlb

20.13 X Agy—5.03 X Aggs 3)

Car = (1000 X A9 — 3.27 X Chla — 104 x Chlb) /229 X 1000

“

The Chl a, Chl b, and Car in the formula (Eqs. 2—4) pre-
sented in milligrams per liter.

Determination of starch and amino acid content

The duckweed samples were harvested at the end of the light
treatment on day 12 and lyophilized, and the starch con-
tent of duckweed calculated using the formula: total sugar
content (starch content) = glucose content X 0.909) (Zhang
etal. 2011).

Dried duckweed powder was used to measure the amino
acid content. Hydrolyzed samples were characterized fol-
lowing the European Community (98/64/EG) guidelines.
Sixteen different amino acid samples were separated by ion-
exchange chromatography, and the reaction with ninhydrin
was tested at 570 nm (proline 440 nm) using an automated
amino acid analyzer (Model LC-3000, Eppendorf Biotronik,
Hamburg, Germany).

Transmission electron microscopy images

Samples of duckweed were taken at the end of the light treat-
ment on day 12, and their ultrastructure was observed using
transmission electron microscopy (TEM). Samples were
approximately 5 mm, fixed using 2.5% of glutaraldehyde,
and placed in 0.2 M sucrose and 0.1 M cacodylate buffer (pH
7.2) overnight, as described by Zhong et al. (2016). Samples
were postfixed with 1% of osmium tetroxide for 4 h, dehy-
drated in graded acetone solutions, and then resin-embedded
based according to the method of Zhong (2016). Each treat-
ment group had four replicates, each replicate examined had
two samples, and all were imaged at 80 kV with a TEM 1011
(JEOL Ltd, Tokyo, Japan). The ultrastructural analysis was
reliable based on comparisons of similarity of individual
treatment and repeat treatment images.

RNA extraction, cDNA library construction,
and lllumina deep sequencing

Duckweed samples were taken at the end of the light treat-
ment on day 12; all samples in the three treatments were
collected and frozen immediately in liquid nitrogen in prepa-
ration for RNA extraction. Each treatment had six replicates.
However, three replicates were combined as one sample, so
each light treatment ended with two replicates samples. This
was done to ensure that each RNA sample preparation is
1 pg, the required volume of total RNA input material. Total
RNA was extracted using the Trizol kit (Invitrogen, Carls-
bad, CA, USA), and then, DNA contaminants were removed
using RNase-Free DNase I (TaKaRa, Shiga, Japan). RNA
integrity was confirmed using agarose gel electrophoresis by
a 2100 Bioanalyzer (Agilent, Santa Clara, CA, USA). The
Qubit 2.0 spectrophotometer (Life Technology, Waltham,
MA, USA) was used to determine the RNA concentrations.
The oligo (dT) magnetic beads and a fragmentation buffer
were used to purify and fragment the mRNA, respectively.
To synthesize the first-strand cDNA, reverse transcriptase
and hexamer primer were used, and then, DNA polymerase
I and RNase H were added to synthesize the second-strand
cDNA. Then, agarose gel electrophoresis and PCR ampli-
fication were employed to purify and enrich the DNA frag-
ments, respectively. Finally, cDNA libraries were created
and sequenced with the Illumina HiSeq'" 2000 platform.

Bioinformatic analysis

After sequencing, the acquired reads were filtered by remov-
ing the reads containing the adapters and low-quality bases.
The genome assembly of the duckweed, S. polyrhiza (Wang
et al. 2014) was employed as the reference for RNA-seq
analysis. All clean reads were mapped to the reference using
Hisat2 (Kim et al. 2015). Gene expression levels were esti-
mated by fragments per kilobase of transcript per million
fragments mapped (FPKM). Annotation and categorization
of assembled transcripts were performed through BLAST
searches in various protein databases, including Cluster
of Orthologous Groups of proteins (COG), GO, KEGG,
euKaryotic Orthologous Groups (KOG), Swiss-Prot, and
NR database.

Differentially expression genes analysis

The DESeq R package (1.10.1) was performed to analyze
differential expressions between two light treatments at
a time. WL was compared to RL (white-vs-red) and BL
(white-vs-blue), and third comparison was of RL and BL
(red-vs-blue). DESeq offers statistical routines for determin-
ing differential expression in digital gene expression data
using a model based on the negative binomial distribution.
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The method of Benjamini and Hochberg was used to control
the false discovery rate and to adjust the obtained P values.
Adjusted P values <0.01 and log2 (fold change) absolute
values > 1 were designated as differentially expressed genes.

The distribution of single genes was determined by GO
and KEGG enrichment analysis based on their functional
and biological pathways. The clusterProfiler R package was
performed to analyze the DEGs implemented in GO enrich-
ment. Enrichment analysis uses hypergeometric tests to iden-
tify GO entries that are markedly enriched compared to the
whole genomic background. KEGG enrichment analysis was
performed using the KOBAS software to test the statisti-
cal enrichment of DEGs in KEGG pathways. Additionally,
analyses using the clusterProfiler R package were used to
find KEGG pathway that is significantly enriched compared
to the whole genome background.

Statistical analysis

All experiments were performed with at least three repli-
cates. Statistical analyses with SPSS software (SPSS Inc.,
Chicago, USA) were used. The significance of the experi-
mental results was analyzed by ANOVA, where P <0.05 was
considered statistically significant.

Results
Effects of light wavelengths on duckweed growth

To evaluate the influences of light quality on growth rate,
S. polyrhiza 5510 cultures were grown for 12 d under three
light wavelength conditions. After 12 d, FW and DW of S.
polyrhiza 5510 were measured. The growth rates (DW) were
0.146+£0.001 in RL, 0.147 +0.001 in BL, and 0.142 +0.001
in WL treatment conditions (Table 1). The growth rates of
duckweeds under BL and RL were both higher than WL.
Table 1 also shows the contents of chlorophyll and carote-
noid in S. polyrhiza 5510 grown under RL, BL, and WL con-
ditions. In general, chlorophyll contents of duckweeds under
the three light conditions showed no significant difference.
However, BL-treated duckweed samples had higher carot-
enoid contents (129.82 +5.82 ug g~') than the RL-treated

and WL-treated samples measured at 88.87 +12.54 and
96.73+4.13 (WL) pg g™, respectively.

Effects of light wavelengths on starch and amino
acid contents

Table 2 shows the varied influences of different light quali-
ties on values of the starch and amino acid contents in S.
polyrhiza. The results showed that the starch contents in S.
polyrhiza were highest under RL treatment at 43.55 +2.88%
(of DW). Such values were significantly higher by 50%
compared to the WL treatment, while BL treatment showed
increased starch contents by approximately 22% over
the values under WL treatment. The total 16 amino acid
contents in S. polyrhiza were highest under BL treatment
(32.50+0.04%), while values were 25.46 +0.04% in RL and
30.814+0.03% in WL (Table 2).

Table2 Starch and 16 amino acids content of S. polyrhiza 5510
under different light treatments. Data are means + standard deviation
analyzed from three replicates

Content (% of DW)  RL BL WL

Starch 43.55+2.88a 35.63+3.10b 29.00+1.33c
Total 16 amino acids 25.46+0.04c 32.50+0.04a 30.81+0.03b
Isoleucine (Ile) 1.20+0.02¢c  1.45+0.02a 1.30+0.01b
Leucine (Leu) 2.62+0.03¢c 3.23+0.0la 2.87+0.01b
Lysine (Lys) 1.84+0.02c  2.32+0.00a 2.23+0.01b
Methionine (Met) 0.16+0.0l1a  0.03+0.06c  0.06+0.00b
Phenylalanine (Phe) 1.20+0.03¢  1.41+0.02a 1.36+0.01b
Threonine (Thr) 0.93+0.03b 0.92+0.02b 1.37+0.04a
Valine (Val) 2.08+0.04c  2.65+0.00a 2.39+0.00b
Alanine (Ala) 233+0.03c  3.02+0.03a 2.78+0.01b
Arginine (Arg) 1.25+0.00c 1.46+0.02a 1.37+0.01b
Aspartic (Asp) 295+0.00c 4.4+0.05a 4.27+0.06b
Glutamic (Glu) 3.15+0.03c  4.34+0.03a 4.03+0.0b3
Proline (Pro) 1.13+0.03¢  1.27+0.00a  1.18+0.00b
Glycine (Gly) 293+0.05c 3.86+0.03a 3.60+0.02b
Histidine (His) 0.36+0.00c 0.47+0.00a 0.40+0.01b
Serine (Ser) 0.92+0.0lc  1.29+0.03a 1.06+0.01b
Tyrosine (Tyr) 0.40+0.04a 0.25+£0.06c  0.33+0.01b

Different letters indicate significant differences (Duncan’s test;
P<0.05;n=3)

Table 1 Growth rate and pigment production of S. polyrhiza 5510 under different light treatments. Data are means + standard deviation analyzed

from three replicates

Light treatment Growth rate (DW) Chl a content (pg g‘lFW) Chl b content (pug g"lFW) Car content (ug g‘lFW)
RL 0.146 +0.001a 639.34+29.80a 286.05 +40.40a 88.87+12.54b

BL 0.147+0.001a 680.74+19.31a 280.43+21.33a 129.82+5.82a

WL 0.142+0.001b 659.48 +23.47a 289.43+11.43a 96.73+4.13b

Different letters indicate significant differences (Duncan’s test; P <0.05; n=3)
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The effect of different light qualities on the starch and
amino acid contents can also be observed in the ultrastruc-
ture of S. polyrhiza fronds (Fig. 1). In RL treatment, chlo-
roplasts contained many starch granules and darkly colored
osmiophilic plastoglobuli in S. polyrhiza fronds (Fig. 1a). In
contrast, chloroplasts exposed to BL included narrow and
long-starch granules with small osmiophilic plastoglobuli
(Fig. 1b), while small starch granules were observed in chlo-
roplasts exposed to WL (Fig. 1c).

Sequencing data and DEGs analysis

Based on the growth and physiological characteris-
tics of S. polyrhiza exposed to different wavelengths

200 kV | 3500 x

Fig. 1 The ultrastructure of chloroplasts in S. polyrhiza 5510 under
different light treatments. a Ultrastructure of chloroplasts in S. pol-
yrhiza 5510 under red light treatment, b under blue light treatment,

200 kV | 3500 x -

of light, transcriptome analysis was performed to show
the influences of three light wavelengths on the expres-
sion of genes responsible for the observed physiologi-
cal changes. All RNA-seq data are available at National
Center for Biotechnology Information (NCBI) under
project PRINA760549. From six sequencing samples
of three treatments (two biological duplicates for each
treatment), an average of approximately 5.83 Gb clean
reads for each sample was obtained. Each sample with
a Q30 above 91.66% and GC content above 59.94%
(Table 3), in the same treatment group showed that the
correlations between the two biological replicates were all
greater than 98% (Fig. 2a). Alignment of the clean reads
to the S. polyrhiza reference genome showed matches at

200 kV | 5000 x —1 um—

and c under white light treatment. Chl, chloroplast; S, starch grain; O,
osmiophilic plastoglobuli

Table 3 Sample information

. Sample ID Sample description Read number Base number GC content % >Q30
and summary of sequencing
reads RL1 Red light repeat 1 18,031,592 5,409,477,600 60.42 92.68
RL2 Red light repeat 2 18,419,053 5,525,715,900 59.97 92.03
BL1 Blue light repeat 1 18,149,700 5,444,910,000 60.49 92.25
BL2 Blue light repeat 2 17,986,610 5,395,983,000 60.47 92.00
WL1 White light repeat 1 18,181,576 5,454,472,800 59.94 93.51
WL2 White light repeat 2 17,945,702 5,383,710,600 60.63 91.66

@ Springer



11 Page6of15

Planta (2022) 255:11

a b
| white-vs-red white-vs-blue
—— L
100 1.00 1.00 100 99 008 whiel g0
- 192 11 159
1.00 1.00 1.00 1.00 099 099 white2
0.985
098 37
100 | 100 | 100 | 100 o0 | 098 |bhet
{ 293 211
1.0 1.0 1.00 1.00 098 blue2
— 10 | 100 et 444
™ oss | 1 100 a2
s 3 c < : 1 red-vs-blue
C
Volcano plot Volcano plot Volcano plot
- 100 120
801 white-vs-red white-vs-blue red-vs-blue
Significant ' Significant Significant
@ Up-regulation:263 ® Up-regulation:219 @ Up-regulation:471
® Down-regulation:370; 75| @ Down-regulation:299 901  ® Down-regulation:514 |
60 @ Nornal 1 @ Nornal ® Nomal ;
~ ~ 3
2 : :
=40 =50 £ 60
S = ~
— o0 o0
=1 =] =)
= ~ =
20 R 25 80
! P
0 04 S of et LAY
5 0 5 5 5 -5 5

log2(FC)

0
log2(FC)

0
log2(FC)

Fig.2 a Correlation between samples of S. polyrhiza 5510 under different light treatments. b Venn diagram of white-vs-red, white-vs-blue, and
red-vs-blue. ¢ Volcano plot of DEGs of white-vs-red, white-vs-blue, and red-vs-blue

approximately 81.92 — 85.68% (Table S1). The mapped
clean reads were used to estimate the gene expression
level and detect the DEGs. The comparison of WL and
RL treatments (white-vs-red) revealed 633 DEGs of
which 263 genes were upregulated and 370 genes were
downregulated (Fig. 2¢). 518 DEGs were detected in the
comparison of WL and BL treatments (white-vs-blue),
and 219 and 299 genes were upregulated and downregu-
lated, respectively (Fig. 2¢). The comparison of RL and
BL treatments (red-vs-blue) showed the highest DEGs at
985 genes of which 471 upregulated and 514 downregu-
lated genes were observed (Fig. 2¢). A total of 37 DEGs
were detected in all three treatment comparisons, while
the most special DEGs (444) were found in the RL-BL
comparison group (red-vs-blue, Fig. 2b).

@ Springer

GO and KEGG pathway enrichment analysis of DEGs

To classify the manifestations of DEGs, the GO enrichment
analysis was performed to determine what biological pro-
cesses (BP), cellular components (CC), and molecular func-
tions (MF) were the DEGs are overrepresented in. Based on
the GO database, GO analysis of white-vs-red, white-vs-
blue, and red-vs-blue revealed a total of 360, 266, and 573
DEGs, respectively (Table S2) and were enriched in 7, 2,
and 9 GO terms, respectively (Table 4). In the BP category,
DEGs were grouped into metabolic process, cellular process,
and biological regulation. In the CC category, DEGs were
mainly categorized as membrane, cell, and cell part. In the
MF category, DEGs were enriched in binding and catalytic
activity (Fig. 3).
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Table 4 GO classification analysis analyses for DEGs between different light conditions

GO domain GO ID Gene ontology term

Enrich factor P value Up DEGs Down DEGs Total DEGs

Biological process  white-vs-red

GO:0,019,752 Carboxylic acid metabolic process 9.17 4.07E-06 3 6 9

GO0:0,009,733 Response to auxin 4.15 0.0012377 17 3 10

GO0:0,006,355 Regulation of transcription, DNA- 1.89 0.002646 11 20 31
templated

white-vs-blue

GO0:0,019,752 Carboxylic acid metabolic process 10.94 9.57E-07 3 6 9

red-vs-blue

GO0:0,045,926 Negative regulation of growth 3.24 0.0029074 2 11 13

GO0:0,019,752 Carboxylic acid metabolic process 3.61 0.0621996 4 2 6

Cellular component white-vs-red

GO0:0,005,680 Anaphase-promoting complex 3.77 0.0324628 3 3 6

white-vs-blue

no

red-vs-blue

GO0:0,005,680 Anaphase-promoting complex 3.17 0.0286161 2 6 8

Molecular function white-vs-red

GO0:0,005,509 Calcium ion binding 32 0.0125101 O 11 11

GO0:0,030,246 Carbohydrate binding 4.32 0.0426724 0

GO0:0,016,829 Lyase activity 7.77 0.0426724 0O

white-vs-blue

GO0:0,016,829 Lyase activity 11.83 0.0405678 3 0 3

red-vs-blue

GO0:0,016,747 Transferase activity, transferring acyl 4.23 6.929E-05 10 4 14
groups other than amino-acyl groups

G0:0,030,246 Carbohydrate binding 4.99 0.0005356 6 3

G0:0,016,829 Lyase activity 8.32 0.0013169 5 0

GO0:0,005,507 Copper ion binding 4.34 0.0266899 4 5

GO0:0,050,662 Coenzyme binding 243 0.0321378 10 0 10

GO0:0,016,788 Hydrolase activity, acting on ester 2.79 0.0420217 4 3 7
bonds

The KEGG pathway analysis revealed 407 (white-vs-red), Discussion

308 (white-vs-blue), and 663 (red-vs-blue) DEGs in the com-
parison groups (Table S2). Figure 4 and Table 5 show the
results of KEGG pathway analysis performed in the three
comparison groups of the three light treatments. In white-vs-
red, 225 genes were enriched in 85 pathways, of which 82
genes were significantly enriched in nine pathways (Table 5).
In white-vs-blue, 193 genes were enriched in 78 pathways, of
which 111 genes were significantly enriched in 11 pathways
(Table 5). In red-vs-blue, 368 genes were enriched in 96 path-
ways, of which 152 genes were significantly enriched in 16
pathways (Table 5).

Photosynthesis is a unique biological pathway through
which plants convert active light energy into stable chemical
energy. Light quality has a deep impact on photosynthetic
productivity and various physiological activities of plants
(Neff et al. 2000). Plants can effectively absorb blue and
red light in the spectrum, resulting in higher photosynthetic
efficiency compared to other spectra. The use of an appro-
priate proportion of blue and red light at the same time has
been reported as the best lighting strategy for most plants

@ Springer
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Table 5 KEGG pathway analyses for DEGs between different light conditions

Pathway ID Pathway description GeneRatio  Enrich factor P value Up DEGs Down DEGs
white-vs-red

ko00340 Histidine metabolism 6/225 6.75 0.00018614 2 4
ko00950 Isoquinoline alkaloid biosynthesis 8/225 5.4 0.00024219 1 7
ko00350 Tyrosine metabolism 9/225 3.32 0.00256175 2 7
ko00960 Tropane, piperidine, and pyridine alkaloid biosynthesis ~ 4/225 4 0.01649015 1 3
ko00260 Glycine, serine and threonine metabolism 7/225 2.55 0.01914839 2 5
ko04141 Protein processing in endoplasmic reticulum 18/225 1.68 0.02068837 16 2
ko00410 beta-Alanine metabolism 5/225 2.81 0.0313769 2 3
ko00630 Glyoxylate and dicarboxylate metabolism 7/225 2.28 0.03348067 2 5
ko04075 Plant hormone signal transduction 207225 1.51 0.04104428 12 8
white-vs-blue

ko00350 Tyrosine metabolism 11/193 4.84 3.26E-05 7 4
ko00950 Isoquinoline alkaloid biosynthesis 8/193 6.29 9.29E-05 4 4
ko04626 Plant—pathogen interaction 28/193 2.01 0.00027165 8 20
ko00940 Phenylpropanoid biosynthesis 13/193 2.6 0.00138032 7 6
ko00903 Limonene and pinene degradation 4/193 6.62 0.00263709 3 1
ko00562 Inositol phosphate metabolism 7/193 3.24 0.0055346 2 5
ko04141 Protein processing in endoplasmic reticulum 17/193 1.85 0.01011245 16 1
ko00945 Stilbenoid, diarylheptanoid, and gingerol biosynthesis ~ 5/193 3.35 0.01602453 3 2
ko00592 Alpha-Linolenic acid metabolism 7/193 2.59 0.01796614 5 2
ko00906 Carotenoid biosynthesis 6/193 2.74 0.02177973 5 1
ko00340 Histidine metabolism 3/193 393 0.03918909 1 2
red-vs-blue

ko00940 Phenylpropanoid biosynthesis 32/368 3.36 6.60E-10 23 9
ko04712 Circadian rhythm—plant 17/368 2.75 0.00011464 9 8
ko00945 Stilbenoid, diarylheptanoid, and gingerol biosynthesis 10/368 3.51 0.0004064 6 4
ko00340 Histidine metabolism 6/368 4.12 0.00251803 4 2
ko00941 Flavonoid biosynthesis 10/368 2.8 0.00257387 8 2
ko00906 Carotenoid biosynthesis 11/368 2.63 0.00264534 9 2
ko00360 Phenylalanine metabolism 8/368 3.07 0.00376417 17 1
ko00902 Monoterpenoid biosynthesis 6/368 291 0.01508506 6 0
ko00950 Isoquinoline alkaloid biosynthesis 6/368 2.83 0.01730481 4 2
ko00562 Inositol phosphate metabolism 9/368 2.18 0.02063229 3 6
ko00630 Glyoxylate and dicarboxylate metabolism 10/368 1.99 0.0275476 6 4
ko00920 Sulfur metabolism 5/368 2.84 0.02835433 2 3
ko00260 Glycine, serine, and threonine metabolism 9/368 2.01 0.0337379 4 5
ko00130 Ubiquinone and other terpenoid-quinone biosynthesis 6/368 2.36 0.03928039 4 2
ko00790 Folate biosynthesis 4/368 2.87 0.04708234 1 3
ko00908 Zeatin biosynthesis 3/368 3.54 0.04881132 2 1

(Xu et al. 2019). For example, the total biomass yield of
S. polyrhiza increased significantly under monochromatic
(blue: 450 nm; red: 660 nm) and tailored light conditions
(simultaneous red and blue light) compared with duckweeds
grown under a fluorescent lamp (Xu et al. 2019). This study
revealed similar higher growth rate observed in duckweed
cultures under RL and BL treatments (Table 1). The same
result was observed in Lactuca sativa L. at low light intensi-
ties (Muneer et al. 2014). Short wavelengths like BL with the

highest maximum specific growth rates (i max) can produce
higher photosynthetic efficiency, while long wavelengths
like RL lead to lower photosynthesis efficiency. Thus, from
a per light quantity perspective, BL has a higher photosyn-
thetic efficiency than RL or WL, resulting in a higher growth
rate (Das et al. 2011). In addition, anti-reactive oxygen spe-
cies values are higher in plants exposed to BL that helps
plants to resist oxidative stress, which may be another reason
for high biomass accumulation (Hideg et al. 2013).
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Chlorophyll and carotenoid play important roles in
plant light harvesting and photoprotection. Complemen-
tary chromatic adaptation modulates the relative content of
the major light-harvesting pigments, so that the absorption
spectrum of the major light-harvesting pigments is similar
to that of the incident light. Complementary chromatic
adaptation may be one of the reasons for the higher con-
tent of chlorophylls and carotenoids in BL (Mouget et al.
2005). The maximum absorption of chlorophyll a and b in
the red region of the visible spectrum is 663 and 642 nm,
respectively, while the maximum absorption in the blue
region is 430 and 453 nm, respectively. Furthermore,
lutein and p-carotene among carotenoids had the highest
absorption at 448 and 454 nm (Lefsrud et al. 2008). Our
findings were consistent with a previous report about total
chlorophyll and carotenoid levels accumulated under BL
(Kopsell and Sams 2013). Moreover, a study on barley
leaves under RL irradiation has shown abnormal chloro-
plasts’ structure and decreased chlorophyll contents, but
the abnormality was reversed under BL irradiation and
chlorophyll contents were relatively stable (Voskresens-
kaya 1972). In our study, the chloroplasts’ ultrastructure
of S. polyrhiza was strongly influenced by the three light
qualities (Fig. 1). Under RL treatment, the chloroplasts
showed various shapes, different sizes, and severe mal-
formation. Additionally, the boundary between the grana
thylakoid and stromal thylakoid was not clear, with gaps
and disorganization among grana lamellae (Fig. 1a). Under
BL treatment, chloroplasts were crescent-shaped with
well-developed thylakoids, of which many thylakoids were
closely packed in the neatly arranged granum of chloro-
plasts. Furthermore, the grana thylakoid and stromal thy-
lakoid were well connected with clear borders (Fig. 1b).
Under WL treatment, the chloroplasts were elliptical in
shape. The grana thylakoid and stromal thylakoid were
clearly visible with gaps inside the granum (Fig. Ic).
Moreover, we observed the largest number of chloroplasts
per cell and the thickest granules in BL-treated duckweed
cultures. Therefore, chloroplasts developed well under
BL treatment, and in general, light quality significantly
affected the development of chloroplasts.

Recent studies have shown that light wavelengths not
only affect plant growth and development but also influ-
ence the levels of metabolites. In this study, the content
of starch in S. polyrhiza was significantly highest under
RL treatment (Table 2) that is consistent with the results
of studies in peanut and potato plants (Chen et al. 2018a;
Li et al. 2018). The accumulation of starch and soluble
sugars in leaves under RL is caused by its inhibition of
the output of photosynthetic products. Although duckweed
cultures under RL treatment accumulated more starch, the
highest biomass yield was observed in cultures under BL

@ Springer

treatment. This phenomenon may be due to the plant’s ina-
bility to transport its photosynthetic products efficiently.

Chloroplasts are important organelles for energy conver-
sion as well as sites of many important metabolic reactions,
such as biosynthesis of amino acids, starch, and fatty acids
(van Wijk 2000; Baginsky and Gruissem 2004). In this
study, the ultrastructure of S. polyrhiza under RL treatment
showed the most volume of chloroplasts occupied by starch
granules that influenced the grana lamellae’s function. The
grana lamellae were decentralized and unstacked, and the
net photosynthetic rate was lowest. Starch accumulation in
chloroplasts affects their normal function, reducing the pho-
tosynthetic rate, in particular Bondada and Syvertsen (2005)
and Li et al. (2018). Under BL treatment, the S. polyrhiza
cultures have small starch grains and uniform grana lamel-
lae, of which both phenomena are relative to the high net
photosynthetic rate obtained under BL.

RL induces transformation of the phytochrome system,
while BL affects the chlorophyll formation, photomorpho-
genesis, and stomatal opening (Chen et al. 2018b). Light
quality significantly affects the biosynthesis and accumu-
lation of carbohydrate and protein. In pea seedlings, RL
significantly enhanced the biosynthesis of soluble sugars,
but inhibited the biosynthesis of soluble proteins, whereas
BL served to promote protein biosynthesis and to protect
against protein degradation (Chen et al. 2018b). The content
of amino acids would fluctuate widely with the light qual-
ity. In maize grown under BL, the content of amino acids
was enhanced and was much higher than values observed
under RL or dark treatments. Moreover, narrow bandwidth
blue light was shown to induce amino acid production in
rice seedling leaves under different LED light sources (Jung
et al. 2013).

The important roles of functional genes or metabolic
pathways in transcriptional regulation can be elucidated by
the annotations of different genes in different transcriptomes.
To investigate the potential role of DEGs in the regulation
of metabolic pathways by spectroscopy light wavelength,
the GO classification and KEGG pathways were analyzed
through three comparison groups.

In the GO enrichment analysis, DEGs in the white-vs-
red group were significantly enriched on seven GO terms
(Table 4). Biological processes (BP) were mainly enriched in
three pathways: carboxylic acid metabolic process, response
to auxin, and regulation of transcription, DNA-templated.
Cellular components (CC) were mainly concentrated on
anaphase-promoting complex. Molecular functions (MF)
were mainly focused on three pathways: calcium ion bind-
ing, carbohydrate binding, and lyase activity. The DEGs in
white-vs-blue were significantly enriched on two GO terms
(Table 4). BP were mainly enriched in carboxylic acid meta-
bolic process, while MF were mainly focused on lyase activ-
ity. The DEGs in red-vs-blue were significantly enriched
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on nine GO terms (Table 4). BP were mainly enriched in
two pathways: negative regulation of growth, and carboxylic
acid metabolic process. CC were mainly concentrated on
anaphase-promoting complex. MF were mainly focused on
six pathways: transferase activity including transferring acyl
groups other than amino-acyl groups, carbohydrate binding,
lyase activity, copper ion binding, coenzyme binding, and
hydrolase activity acting on ester bonds.

Moreover, we focused on the carboxylic acid metabolic
process (GO:0,019,752) term in the BP category and found
four DEGs present in the three comparison groups. Addi-
tionally, the regulation of these four DEGs in white-vs-red
was opposite in both white-vs-blue and red-vs-blue compari-
sons. These four DEGs were grouped in the serine decarbox-
ylase-like (Table S3). Serine decarboxylase-like and amino
acid aldolases convert phenylalanine, methionine, leucine,
and tryptophan into PHA, 4-(methylthio) butanal, 3-meth-
ylbutanal, and indole-3-acetaldehyde (Torrens-Spence et al.
2014). The Spipo4G0109700.v2 and Spipo4G0110000.v2
were upregulated under RL treatment (white-vs-red and red-
vs-blue); therefore, the contents of phenylalanine and leu-
cine were reduced, while the methionine content increased
(Table 2).

In the molecular functions (MF) category, we focused on
lyase activity (GO:0,016,829) term and found three (white-
vs-red) downregulated DEGs, three (white-vs-blue) upregu-
lated DEGs, and five (red-vs-blue) upregulated DEGs. More-
over, all DEGs were clustered within the terpene synthase
(Table S3). The expression level of terpene synthase has
been shown to react under BL and RL treatments (Fu et al.
2015). In plants, terpenoids play crucial roles in physiologi-
cal and biochemical processes, such as photosynthesis and
developmental regulation (Pichersky and Raguso 2018). In
the present study, higher expression levels of terpene syn-
thases under BL treatment may be responsible for better
photosynthesis and development.

Based on the KEGG analysis in the three comparison
groups, the transcripts were greatly enriched in two protein
synthesis-associated pathways, namely, histidine metabolism
and isoquinoline alkaloid biosynthesis (Table 5). Notably,
the pathway showed opposite regulatory trends in BL and
RL treatments. Within the histidine metabolism pathway,
three DEGs were present in all three comparison groups.
In white-vs-red, two of three DEGs (Spipo4G0109700.
v2 and Spipo4G0110000.v2) were upregulated and anno-
tated as serine decarboxylase-like. The one downregulated
DEG (Spipo0G0176400.v2) was annotated as pyridoxal
phosphate (PLP)-dependent transferases superfamily
protein (Table S4). Inversely, Spipo4G0109700.v2 and
Spipo4G0110000.v2 were downregulated in white-vs-blue,
while Spipo0G0176400.v2 was upregulated. An Arabidopsis
study has shown that serine decarboxylase catalyzed the con-
version of serine to ethanolamine and that overexpression

of serine decarboxylase reduced the level of amino acid
compounds arising from the mitochondrial tricarboxylic
acid cycle (Liu et al. 2018). In our study, the serine and
amino acid contents at low and high levels in the RL and
BL treatments, respectively, may be due to the serine decar-
boxylase-like observed high and low expression levels under
RL and BL treatments, respectively (Table 2). Meanwhile,
PLP-dependent transferase superfamily, including all group
II decarboxylases of histidine, 1-tyrosine, glutamate and
a variety of aromatic amino acids, and sphingosine phos-
phate cleavage enzymes (Kezmarsky et al. 2005), is another
possible reason for the amino acid content variations in
our study. Within the isoquinoline alkaloid biosynthesis
pathway, two DEGs were present in all three comparison
groups. Two downregulated DEGs (Spipo25G0004100.v2
and Spipo1G0042600.v2) in white-vs-red were annotated
as polyphenol oxidase and tyrosine/DOPA decarboxylase
2-like, respectively, but these DEGs were upregulated in
the white-vs-blue group (Table S4). The phenolic amino
acid tyrosine could be oxidized by polyphenol oxidase, and
tyrosine/DOPA decarboxylase catalyzes the conversion
of L-tyrosine to dopamine in early steps of benzylisoqui-
noline alkaloid biosynthesis pathway (Yoruk and Marshall
2003; Madani et al. 2019). Therefore, the upregulation of
Spipo25G0004100.v2 and Spipo1G0042600.v2 under BL
treatment (white-vs-blue and red-vs-blue) might be due to
reduced tyrosine content (Table 2).

Based on the results of the KEGG analysis, it showed that
only BL treatment affected some pathways. For example,
carotenoid biosynthesis pathway was significantly aggre-
gated in white-vs-blue and red-vs-blue, but no aggregation
in white-vs-red. Through carotenoid biosynthesis pathway
analysis, the expression of two key enzymes were found
upregulated in the synthesis of carotenoid, namely, the
expression levels of transcripts encoding violaxanthin de-
epoxidase (EC:1.23.5.1) and 9-cis-epoxycarotenoid dioxy-
genase (NCED) (EC:1.13.11.51) (Fig. 5).

Violaxanthin de-epoxidase is a key enzyme in the lutein-
izing cycle of the carotenoid biosynthetic pathway that cata-
lyzes the conversion of violaxanthin to zeaxanthin through
antheraxanthin. Zeaxanthin and antheraxanthin can divert
chlorophyll excess energy that is dissipated as heat and by
scavenging ROS, thus protecting the photosynthetic appa-
ratus from photodamage (Hager and Perz 1970; Xu et al.
2016).

NCED is the rate-limiting enzyme in the abscisic acid
(ABA) biosynthesis. The carbon skeleton of abscisic acid
is similar to the terminal part of some carotenoids, so the
pathway of ABA production from oxidative breakdown
of carotenoids is an indirect pathway for ABA synthesis.
Related research has indicated that the early stages of the
carotenoid biosynthesis pathway during the ripening of
‘Navelate’ orange pericarp are severely blocked, thereby
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«Fig.5 Expression patterns of carotenoid biosynthesis-related tran-
scripts of S. polyrhiza 5510. Red boxes indicate upregulated enzymes;
blue means mix regulated enzymes

reducing ABA levels (Romero et al. 2019). In this study,
the increased expressions of violaxanthin de-epoxidase and
NCED under BL treatment may have improved the resilience
of duckweed and protected its photosynthetic system that
resulted in higher biomass.

Conclusion

This study investigated the physiological effects of three
types of light wavelengths on the growth and development of
duckweed, S. polyrhiza 5510. The RL treatment accelerated
starch accumulation in S. polyrhiza compared with BL and
WL treatments. Higher protein content observed under BL
was associated with the upregulation of most DEGs enriched
for specific GO terms and KEGG pathways. In addition, the
three light qualities induced different gene expression pat-
terns of other metabolic pathways, such as carotenoid bio-
synthesis, and the regulation of these genes may explain the
level of photosynthetic pigment content. Our results reveal
the response of duckweed to different light qualities at the
transcriptome level and provide bases for further studies on
the ability of duckweed as a biomass energy source.
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