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Storage roots are the main sink for photo-assimilate accumulation and reflect cassava
yield and productivity. Regulation of sugar partitioning from leaves to storage roots has
not been elucidated. Cell wall invertases are involved in the hydrolysis of sugar during
phloem unloading of vascular plants to control plant development and sink strength
but have rarely been studied in root crops like cassava. MeCWINV3 encodes a typical
cell wall invertase in cassava and is mainly expressed in vascular bundles. The gene
is highly expressed in leaves, especially mature leaves, in response to diurnal rhythm.
When MeCWINV3 was overexpressed in cassava, sugar export from leaves to storage
roots was largely inhibited and sucrose hydrolysis in leaves was accelerated, leading to
increased transient starch accumulation by blocking starch degradation and reduced
overall plant growth. The progress of leaf senescence was promoted in the MeCWINV3
over-expressed cassava plants with increased expression of senescence-related genes.
Storage root development was also delayed because of dramatically reduced sugar
allocation from leaves. As a result, the transcriptional expression of starch biosynthetic
genes such as small subunit ADP-glucose pyrophosphorylase, granule-bound starch
synthase I, and starch branching enzyme | was reduced in accordance with insufficient
sugar supply in the storage roots of the transgenic plants. These results show that
MeCWINVS3 regulates sugar allocation from source to sink and maintains sugar balance
in cassava, thus affecting yield of cassava storage roots.

Keywords: cassava, cell wall invertase, phloem loading, sugar allocation, storage root, productivity

INTRODUCTION

Cassava (Manihot esculenta Crantz) is one of the most important food crops producing starch
as a source of dietary calories and for industrial applications, especially in the tropics (De Souza
et al., 2017). Its storage root is the main organ indicating cassava productivity by accumulating
starch from CO; fixation (Yang et al., 2011). Increasing cassava yield is needed due to continuous
growth of the world population and global warming (Godfray et al., 2010; El-Sharkawy, 2014).
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Therefore, understanding the regulatory mechanism of
photosynthate partitioning and its role in cassava production is
critical for improving cassava yield through molecular breeding.

Photosynthate partitioning in cassava is a process of long-
distance transport of sugars from aerial leaves to subterranean
storage roots via the phloem vascular system. In vascular plants,
sucrose is synthesized in leaves and then transported and loaded
into phloem via symplastic or apoplastic pathways by sugar
transporters (Chen et al., 2015; Khadilkar et al., 2016; Nieberl
etal,, 2017). During this process, invertases (INVs), a key enzyme
that hydrolyzes sucrose to glucose and fructose, regulate carbon
partitioning and sugar metabolism (Ruan et al., 2010). INVs
can be distinguished according to subcellular localization and
pH optima as acidic cell wall INV (CWINV), acidic vacuolar
INV (VINV), and neutral to alkaline cytoplasmic INV (CINV)
(Sturm, 1999). All INVs play key roles in plant growth for
pollination, fruit ripening, and cellulose biosynthesis (Qin et al.,
2016; Goetz et al., 2017; Rende et al., 2017). CWINV is located
at the cell wall in apoplasts and is important for regulating both
phloem loading and unloading of sucrose. Since the substrates
and products of this kind of enzyme are both nutrients and
signal molecules, CWINVs participate in many aspects of plant
development and growth (Roitsch and Gonzalez, 2004). These
include sucrose and starch accumulation in carrot roots (Tang
etal,, 1999) and tomato fruit (Zhang N. et al., 2015); pathogenesis
in tomato (Schaarschmidt et al., 2006; Kocal et al., 2008; Bonfig
et al., 2010), tobacco (Essmann et al., 2008), and rice (Sun et al.,
2014); and seed development in tomato (Jin et al., 2009), cotton
(Wang and Ruan, 2012; Wang et al., 2013), maize, sorghum,
and rice (Chourey et al., 2010; Jain et al., 2010; Li et al., 2013;
French et al., 2014). These CWINVs might perform sucrose
hydrolysis in various tissues, mainly in phloem, to facilitate
phloem loading/unloading. A recent study showed that the
tomato CWINV LINS5 protein functions specifically in cell walls
of sieve elements in ovaries immediately prior to anthesis and
in young fruitlets with increased activity during ovary-to-fruit
transition (Palmer et al., 2015). Heterologous expression of a
yeast CWINV in plants altered sugar transport and impaired
whole plant development due to disturbed assimilate partitioning
(von Schaewen et al., 1990; Sonnewald et al.,, 1991; Heineke
et al., 1994). Although the function and regulation of CWINV
have been broadly studied in plant sink tissues (seed, fruit), the
pivotal role of CWINV on sugar loading in source leaves has
not been systematically studied and its effects on storage root
development are unknown.

Because of its importance in sucrose metabolism and carbon
partitioning in plants, regulation of INV is dynamic for CWINYV,
VINYV, and CINV at both transcriptional and post-transcriptional
levels (Huang et al., 2007). INV transcription can be increased
by pathogen infection, mycorrhization, wounding, and hormonal
treatments (Sturm and Chrispeels, 1990; Benhamou et al., 1991;
Ehness and Roitsch, 1997; Hall and Williams, 2000; Blee and
Anderson, 2002; Pan et al,, 2005). Wall-associated kinase as
well as other kinases including serine/threonine kinase, tyrosine
protein kinase, and phosphatases may affect INV function with
variable modes of regulation. More importantly, CWINV activity
can be regulated by a family of proteinaceous inhibitors known

as cell wall inhibitor of fructosidase (CIF, Rausch and Greiner,
2004), affecting downstream sugar signaling cascades (Balibrea
et al., 2004; Jin et al, 2009). Their interaction was disclosed
by a structural study using the 2.6 A crystal structure of
Arabidopsis cell-wall invertase INV1 in complex with a CIF
from tobacco (Hothorn et al., 2010). This study determined that
the extracellular sucrose concentration and pH changes regulate
association of the complex. An early study confirmed that
CWINYV was strongly protected by sucrose against proteinaceous
inhibitors (Sander et al., 1996). In tomato, increased CWINV
activity following down-regulation of its inhibitor expression
delayed leaf senescence and increased seed weight and fruit
sugar level (Jin et al., 2009; Zhang N. et al., 2015). Constitutive
expression of a tobacco CWINV inhibitor prevented cold-
induced sweetening of potato tubers (Greiner et al, 1999).
CWINYV activity was also important in regulating the expression
of ZmMRP-1, a key transcription factor involved in transfer
cell layer differentiation of maize endosperm (Bergareche et al.,
2018). Increased starch content up to 20% in the kernels of
transgenic maize overexpressing CWINVs have been reported,
but lacking further investigation of expression profiles related to
starch biosynthetic enzymes (Li et al., 2013), such as ADP-glucose
pyrophosphorylase (AGPase), granule-bound starch synthase
(GBSS), and branching enzyme (BE).

In cassava, genome-wide identification, expression, and
activity analysis of the INV gene family as well as INV inhibitor
was reported recently (Geng et al., 2013; Yao et al, 2014,
2015). However, their function in regulating source-sink carbon
partitioning and effects on plant phenotype development in
cassava have not been studied. To elucidate regulation of carbon
partitioning on cassava storage root development, in this study
the CWINV gene MeCWINV3 was investigated in transgenic
cassava using constitutive over-expression. The results showed
that MeCWINV3 is important for sugar export in phloem
loading, thus influencing carbon partitioning, storage root starch
accumulation, and yield of cassava. MeCWINV3 may be involved
in the creation of a weak gradient between the place of sucrose
production (mesophyll) and the place of phloem loading (minor
veins) in source leaves. Overexpression of MeCWINV3 leads
to reduced sugar allocation from source to sink. Consequently,
starch synthesis in storage roots was reduced and progress of leaf
senescence was promoted.

MATERIALS AND METHODS

Gene Cloning and Phylogenetic Analysis

The MeCWINV3 gene (GenBank accession No. JN801147.1)
was cloned from ¢cDNA of cassava cv. TMS60444 according to
sequence information from NCBI. To analyze its phylogenetic
relationship with other INVs, a phylogenetic tree of 12 INV
amino acid sequences from Arabidopsis (Arabidopsis thaliana)
and cassava (Manihot esculenta) obtained from NCBI GenBank
were aligned using maximum likelihood implemented in MEGA6
(Tamura et al, 2013). Bootstrap values were obtained with
1000 replications. Homology analysis was also performed by
BLASTing cassava MeCWINV3 amino acid sequence with other
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FIGURE 1 | Localization and expression pattern of MeCWINV3. (A) MeCWINV3-GFP fusion showed cell wall localization in onion epidermis cells (I-1ll, GFP control;
IV=VI, unplasmolyzed; VII-IX, plasmolyzed). (B) GUS assay showing MeCWINV3 promoter activity in the vascular bundle of transgenic Arabidopsis, (I, seedling; II,
leaf; Ill, root). (C) Transcriptional response of MeCWINV3 in hydroponic seedlings under 30 and 60 mM sucrose treatments in cassava plants.
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CWINVs from A. thaliana, Bambusa oldhamii, Malus domestica,
and Oryza sativa.

Vector Construction, Plant

Transformation, and Growth Conditions

The full length MeCWINV3 gene was cloned and inserted
into the binary vector pCAMBIA1301s controlled by the
CaMV 35S promoter. The plasmid, harboring the hygromycin
phosphotransferase gene (hpt) for selection of transgenic plants,
was introduced into Agrobacterium tumefaciens strain LBA4404
by electroporation. Transformation of cassava was performed
using a friable embryogenic suspension of cv. TMS60444 and
transgenic plants were regenerated from hygromycin containing
regeneration medium as described previously (Zhang et al.,
2000). After root screening under selection, the putative
transgenic cassava lines were macro-propagated on shoot
culturing medium. Three to four weeks old plantlets of wild
type (WT) and transgenic lines were planted in pots with
nutrient soil (mixture of soil, perlite, and vermiculate, 1:1:1) and
grown in the greenhouse (16 h/8 h of light/dark, 30°C/22°C
day/night). Two months old potted plants were used for
physiological analysis and '*C labeling assay. Stem cuttings from
greenhouse-grown plants were collected and cultivated in the
field at the Wushe Plantation for Transgenic Crops, Shanghai
(31°13948.0099N, 121°28912.0099E) in early May. After 6
months of growth, the plants were harvested for phenotype
evaluation in early November.

Sucrose and Drought Treatment
Four months old cassava seedlings from in vitro cultures
were used for hydrophobic culturing with a liquid medium as

described by Fan et al. (2017). Supplementation of 30 or 60 mM
sucrose was used for sugar treatments and leaves were collected
for RNA extraction and gene expression analysis.

Pot-grown cassava plants under similar growth conditions for
2 months in the greenhouse were used for drought treatment. The
drought experiment was carried out in a greenhouse environment
by water depletion and phenotypes were observed with regular
photography. After 35 days of drought treatment, the phenotypes
of plants were observed.

Subcellular Location and Expression

Pattern Assay
The full length MeCWINV3 gene was subcloned into vector
PA7-GFP for the localization study. The constructed plasmid
was embedded using gold powder and introduced into onion
epidermis with a helium-driven particle gun (Bio-Rad PDS
1000/He). The PA7-GFP empty vector was used as a control.
After 24 h of expression, the transformed onion epidermis
was observed under 488 nm excitation fluorescence using an
Olympus FV1000 confocal microscopy (Olympus, Tokyo, Japan).
The upstream sequence of MeCWINV3 (1,890 bp in length)
was obtained from the cassava genome database (Manihot
esculenta v6.1)" and cloned from genomic DNA of cultivar
TMS60444. The promoter fragment was inserted into vector
pCAMBIA1300-GUS between the Sacl and Xhol sites. Then
the GUS-expressing plasmid was introduced into A. tumefaciens
strain GV3101 and used for transformation of A. thaliana ecotype
Col-0. Transformed Arabidopsis was screened on 1/2 MS with
30 mg/1 hygromycin B. The positive homozygotes were stained

'https://phytozome.jgi.doe.gov/pz/portal. html#linfo?alias=Org_Mesculenta
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FIGURE 2 | Expression patterns of CWINVs in cassava. (A-E) Relative expression levels of five CWINV genes in cassava leaves under a day/night cycle. (F) Relative
transcript levels of six cassava CWINV genes in cassava leaves collected from pot-grown plants at 10:00 a.m. (G,H) Relative expression levels of MeCWINV3 (G)
and CWINV activities (H) in different types of cassava organs including leaves, stem, and roots. Data represent means + SD of three independent assays. Different
letters indicate significant differences (one-way ANOVA, p < 0.05).

with GUS solution overnight and decolorized with 75% ethanol
for photography.

DNA and RNA Extraction, Southern
Blotting, and qRT-PCR

Genomic DNA from leaves was isolated from wild-type and
transgenic cassava plantlets as described by Xu et al. (2010).
To perform Southern blot analysis, about 20-30 pg genomic
DNA was digested by EcoRI and then separated using a
0.8% agarose gel. After electrophoresis, DNA was transferred

onto a positively charged nylon membrane (Roche Diagnostics,
Mannheim, Germany). Integrated T-DNA was detected after
DNA hybridization using a digoxigenin labeled hpt probe which
was synthesized with a PCR DIG Probe Synthesis Kit (Roche).
The procedure of hybridization and detection was followed
according to the instructions of the DIG-High Prime DNA
Labeling and Detection Starter Kit IT (Roche).

Total mRNA was extracted from cassava samples using
RNAplant Plus Reagent and RNAprep Pure Plant Kit
(TTANGEN, Beijing, China). cDNA was synthesized by reverse
transcription of 2 g total mRNA with ReverTra Ace qPCR RT
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differences (one-way ANOVA, p < 0.05).
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FIGURE 3 | Field performances of transgenic cassava plants overexpressing MeCWINV3. (A) Whole-plant phenotype of wild-type (WT) and transgenic (OE lines)
cassava plants. (B-D) Plant height (B), storage root yield and (C), and storage root diameter (D) of WT and transgenic plants. Different letters indicate significant

Mix (TOYOBO, Osaka, Japan). qRT-PCR was performed using
THUNDERBIRD SYBR qPCR Mix (TOYOBO) in a Bio-Rad
CFX96 thermocycler as follows: 1 min pre-incubation step at
95°C, 40 cycles of 95°C for 15 s, 60°C for 15 s, and 72°C for 20 s.
The expressions of MeCWINV3 and its orthologs MeCWINV1
to MeCWINV6 were analyzed according to corresponding
experimental designs, including tissue specificity and responses
to nycthemeral cycle and sucrose. To detect the effects of
MeCWINV3 overexpression in cassava, the expressional changes
of sucrose transporter genes MeSUT1, MeSUT2, and MeSUT4,
and starch biosynthetic genes MeAPS (small subunit ADP-glucose
pyrophosphorylase), MeGBSSI (granule-bound starch synthase
I), and MeSBEI (starch branching enzyme I) were analyzed in
leaves or storage roots of cassava plants. The expressions of
senescence-related genes were also carried out using mature
leaves. These genes include NAC83 (NAC domain-containing
protein 83-like, XM_021768763.1), SAGI2 (senescence-specific

cysteine protease SAGI2-like, XM_021749212.1), Osl (gamma-
aminobutyrate transaminase 3, XM_021765427.1), and Osh
(alanine-glyoxylate aminotransferase 2, XM_021768525.1). The
gene expression data were normalized by cassava B-actin gene.
Ct method was used to calculate relative expression level as
follows: ACt = Ct (target gene)-Ct (beta-actin) AACt = ACt
(sample)- ACt (reference gene). Samples with lowest expression
level or WT were defined as reference genes (Schmittgen and
Livak, 2008). Primer pairs used for PCR analysis were provided
in Supplementary Table S1.

INV Enzymatic Activity Measurement

Leaves and storage roots of three independent 5 months old
plants per line were harvested from the field. The same types
of samples were mixed and smashed in liquid nitrogen. Each
sample (0.2 g) was mixed with 1 ml extraction buffer containing
100 mM HEPES-KOH (pH 7.4), 5 mM MgCl,, 1 mM EDTA,
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Contents of glucose (A), fructose (B), and sucrose (C) under a day/night cycle. (D) Relative transcription level of MeCWINV3. (E-G) The enzymatic activity assay of
CWINV (E), VINV (F), and CINV (G). (H,l) lodine staining of leaves collected at 6:00 a.m. (H) and their total starch contents (l). Different letters indicate significant

1 mM EGTA, 1 mM PMSE 5 mM DTT, 1 ml/l Triton X-100,
200 ml/l glycerol, and 5 mM thiourea, vortexed for 3 min and
centrifuged at 4°C, 12,000 rpm for 5 min. Extraction buffer
(0.5 ml) was added to the pellet to extract again as above
and then extracts were mixed with the supernatant for CINV
and VINV activity analysis. The final pellet was resuspended
with 1.5 ml extraction buffer and vortexed thoroughly for
CWINV activity analysis. Al WT and transgenic lines had
three replicates.

The INV activity assay was performed as described previously
(Tomlinson et al., 2004) with some modifications. To measure
INV activity, 40 pl extract was added into 360 pl reaction
buffer (for CINV: 0.1 M sucrose, 50 mM Bicine-KOH, pH
7.6; for VINV: 0.1 M sucrose, 50 mM NaAc, pH 4.3; for
CWIN: 0.1 M sucrose, 50 mM NaAc, pH 4.7) and incubated
at 30°C for 1 h and then treatment at 85°C for 5 min
was used to inactivate enzyme activity. After adding 400 .l
chloroform for sugar extraction, the reaction mixture was
vortexed and then centrifuged at 12,000 rpm for 5 min. The
purified supernatant was kept as reaction solution for the next
step. For VINV and CWINV analysis, 60 pl Tris-HCI (1 M,
pH 8.0) was added. Finally, 760 pl glucose reaction buffer
(100 mM HEPES-KOH pH 7.4, 2.25 mM MgCl,, 1.1 mM
ATP, 1.1 mM NADP, 0.2 U hexokinase, and 0.2 U NADP-
dependent G6P dehydrogenase) was added into the above
reaction solution and incubated at 25°C for 1 h. The absorbance

was measured at 340 nm using a Beckman Coulter DU730
Nucleic Acid/Protein Analyzer.

13C-Labeling and Phloem

Exudate Collection

To measure phloem loading capacity, the '3CO, labeling
method was used for a phloem loading assay as described
previously (Gui et al, 2014) with some modifications. In
brief, 2 months old cassava plants from the greenhouse
were labeled with one leaf in a sealed glass box. 1*CO; was
released by the reaction between Nay[131CO;5 as well as an
overdose of hydrochloric acid through a syringe. After 12 h
of photosynthesis, the plant experienced a 4 h chase under
dark. Leaf, phloem exudate, and root samples were then
collected. Total sugar was extracted by the method described
below and analyzed using GC-MS with same instruments and
conditions described previously (Gui et al., 2014). Briefly, after
derivatization by N,N-dimethylformamide (Sigma-Aldrich)
containing 0.1% pyridine (Sigma-Aldrich) and N, O-bis-
(trimethylsilyl)-trifluoroacetamide  (Sigma-Aldrich), samples
were injected into an Agilent 6890 instrument with an Agilent
5975 inert mass selective detector and an Agilent HP-5MS
column (30 mm x 0.25 mm x 0.25 pm film thickness).
Helium was used as the carrier gas at 1.5 mL/min, and detector
temperatures were set to 310°C with electron ionization
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(C) CINV. Different letters indicate significant differences (one-way ANOVA,
p < 0.05).

in positive mode. The profile was as follows: holding for
5 min at an initial temperature of 120°C, gradually increasing
the temperature to reach 270°C at 4°C/min and ramping
up the temperature at 20°C/min to a final temperature of
310°C. Data were acquired and processed with an Agilent
ChemStation system.

Water-Soluble Carbohydrates and
Starch Assays

Phloem exudate was collected as described previously (King and
Zeevaart, 1974) with some modifications. Briefly, 2 months old
plants from the greenhouse were cut rapidly at the stem 2 cm
from the base using a clean knife blade, rinsed with distilled
water, and put into 20 mM EDTA solution for 2 h in the dark at
30°C and 95% humidity. Then the plant cuttings were transferred
into ddH,O for 5 h and the samples were finally filtered for
HPLC analysis of glucose, fructose, and sucrose. The Agilent
technologies HPLC column (ZORBAX Carbohydrate column;
4.6 x 150 mm, 5 wm) with a differential refraction detector
was used for sugar analysis. The mobile phase consisted of 75%
acetonitrile with a flow rate of 0.8 ml/min and the temperature of
the column was held at 35°C. Sugars were identified by retention
time of the standards and sugar concentration of samples were
calculated from the external standard curve.

Leaves collected from the field at 6 a.m. were decolored by 75%
ethanol overnight and stained with 1% Lugol’s iodine solution
(3.75 g KI and 1.25 g I, diluted in 500 ml H,O) for 4 h at
room temperature. Excess Lugol’s iodine solution was removed
using distilled water. The treated leaves were photographed with
a Nikon D7000 digital camera.

Leaves and storage roots of three independent 5 months
old plants per line were harvested from the field. The same
types of samples were mixed and smashed in liquid nitrogen.
Frozen samples (100 mg) were dissolved in 0.7 ml 80% ethanol,
thoroughly blended, and incubated at 70°C for 2 h. Then 0.7 ml
ddH, O was added to each sample and the samples were vortexed
and centrifuged at 12,000 rpm for 10 min. The supernatant
was purified twice using chloroform to remove chlorophyll and
transferred to glass bottles for HPLC analysis of glucose, fructose,
and sucrose. Conditions of HPLC analysis were according to
Zhou et al. (2017). The pellet was washed three times with 80%
ethanol for starch content analysis. Total starch content was
analyzed using a total starch kit (Megazyme, Wicklow, Ireland).

Superoxide Dismutase and
Catalase Activity

Cassava leaves (1 g) were mixed with 5 ml enzyme buffer
(50 mmol/l phosphate buffer, 1% PVP, and 1 mmol/l EDTA),
ground in an ice bath and centrifuged for 15 min with 12,000 rpm
at 4°C. The supernatant was collected and kept on ice. The
buffer solution of 1.8 ml enzyme extraction, 0.3 ml 130 mmol/l
methionine solution, 0.3 ml 750 mol/l NBT solution, 0.3 ml
20 mol/l riboflavin, and 0.3 ml supernatant was added into the
tube. Buffer was added to the control tube instead of the enzyme
solution. A black cardboard cover was used to shade the light
and all tubes were placed under a lamp for 10-20 min. When
the control tube turned blue and the sample tube remained
yellow, the reaction was complete and the absorbance of each
tube at 560 nm was measured. Superoxide dismutase (SOD)
activities were calculated using the following equation: SOD
activity = (ODy-ODs) x VI/ODg x 0.5 x FW x V1; where ODy:
control absorption; ODg: sample absorption; VT: total sample
volume; V1: sample volume used; FW: fresh weight.
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The reaction system included 1.6 ml enzyme buffer (50 mmol/l
phosphate buffer, 1% PVP, and 1 mmol/l EDTA), 0.2 ml
supernatant, and 0.2 ml 0.1 mol/l H,O,. Immediately after
adding H,O;, the tube was mixed upside down, and the
absorbance was measured at 240 nm. The absorbance was read
every 1 min for 5 min. The catalase (CAT) enzyme activity
unit was calculated by reducing the absorbance of 240 nm
by 0.1 in 1 min.

Statistical Analysis

Data from at least three independent replicates were presented
as means *+ SD. Analysis of variance (ANOVA) by Duncan’s
multiple range tests conducting all pairwise multiple comparison
procedures was performed using SigmaPlot software, version
12.5 (Systat, San Jose, CA, United States). A value of p < 0.05
was considered a significant difference, which are represented by
different letters.

RESULTS

MeCWINV3 Encodes a Typical CWINV
That Is Mainly Expressed in Leaf
Vascular Bundles and Is Inducible

by Sucrose

The MeCWINV3 gene was 1,731 bp in length and encoded
a protein of 577 amino acids with a calculated molecular
mass of 4426 KDa and an isoelectric point of 6.477.
MeCWINV3 (GenBank accession No. AFA46812.1) has 13
regions that are conserved in known acid INVs (Ji et al,
2005), including three conserved sequence domains - NDPNG
(B-fructosidase motif), RDP, and WECP(V)D - and the
predicted conserved glycosylation sites (Supplementary
Figure S1A; Yao et al.,, 2014). Amino acid sequence alignment
showed that MeCWINV3 shared at least 71.26% identity
with CWINs from A. thaliana, Bambusa oldhamii, Malus
domestica, and Oryza sativa (Supplementary Figure S1A).
The phylogenetic tree constructed using all cassava and
Arabidopsis CWINV genes showed that MeCWINV3 is closely
related to AtcwINV1, AtcwINV3, and AtcwINV5, which
belong to group III of CWINs in Arabidopsis (Yao et al,
2014; Supplementary Figure S1B). Moreover, MeCWINV3
is predicted to be localized in the cell wall by WoLF PSORT
(Horton et al., 2007).

Transient expression of the MeCWINV3-GFP fusion protein
showed that MeCWINV3 was located in the cell wall of
the onion epidermis cells, as indicated by GFP fluorescence,
under unplasmolyzed and plasmolyzed conditions. For the
control, GFP fluorescence was observed ubiquitously in the cell
membrane, cell wall, and nucleus (Figure 1A). GUS staining
of MeWICNV3 promoter:GUS transgenic Arabidopsis plants
showed that MeCWINV3 was expressed mainly in vascular
bundles of the whole seedling, including young and mature
leaves, hypocotyl, and roots (Figure 1B).

The transcription of MeCWINV3 was also inducible in cassava
plants treated with 30 mM or 60 mM sucrose using the

hydroponic seedling culturing system. In a 24 h regime, the
expression of MeCWINV3 increased fourfold with minimum
expression at 6 h; the highest expression was detected at 12 h
under 30 mM sucrose treatment (Figure 1C).

MeCWINV3 Responds to a Day/Night
Cycle and Is Predominantly Expressed

in Leaves

Transcriptional analysis of cassava CWINs showed a differential
expression pattern in response to day/night cycle. MeCWINV3
had a similar expression pattern to MeCWINV, with the highest
transcript level at the end of the light period (18:00) and
lowest at the end of the dark period (6:00) (Figures 2A,C).
Meanwhile, MeCWINV2 and MeCWINV5 had different trends
of peak expression at the end of the dark period (6:00) and
with minimum expression at noon (12:00) (Figures 2B,D). The
expression of MeCWINV6 showed higher expression during
the dark period and lower expression during the light period
(Figure 2E). The differential expression patterns of these INVs
might reflect diverse functions of INVs in cassava to respond to
a nycthemeral cycle for sugar partitioning. Of the INVs studied,
MeCWINVI and MeCWINV3 are predominantly expressed in
leaves and MeCWINV3 had the highest expression (Figure 2F).
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The transcript levels of MeCWINV3 in cassava plant varied
in different organs, ie., leaves, stems, and roots based on
real-time RT-PCR analysis. The highest transcript level was
observed in leaves and the lowest was in roots (Figure 2G).
The differences between leaves and roots were about 200-fold
at minimum and 400-fold at maximum. In leaves, the highest
expression level was observed in the middle leaves while the
apical leaves had the lowest expression. Compared to leaves, very
low expression was detected in the roots; among roots, storage
roots including developing and mature storage root had relatively
higher expression than the fibrous roots. During storage root
growth, variation in MeCWINV3 expression was also noticeable:
it increased in the developing storage roots and then decreased in
the mature storage roots at stage 1 (M1) to almost the same level
as the fibrous root before rising to a higher level in the mature
storage roots at stage 2 (M2); finally, expression was reduced
again in the mature storage roots at stage 3 (M3), which is also
the stage for harvest. Despite these observed changes, there were
no significant differences in expression among different types of
roots (Figure 2G).

Enzymatic activity of total CWINV activity in different cassava
organs was also analyzed. All types of leaves had similar levels,
about 38 wmol-g~!-h~! (fresh weight). In roots, the highest

activity (30.3 wmol-g~!-h™!, fresh weight) was detected in
fibrous root, about 20% higher than other types of storage root.
There were no significant differences among the developing
and mature storage roots. The lowest activity was found in the
stem, accounting for less than one fifth of the expression in
leaves (Figure 2H).

Overexpression of MeCWINV3 in
Cassava Leads to Reduced Biomass
Production and Storage

Root Development

Three transgenic cassava plant lines that had a single T-DNA
integration (Supplementary Figure S2) were selected for
molecular and physiological analyses. Compared with the
wild-type cassava plants, the transgenic plants overexpressing
MeCWINV3 grew much more slowly with reduced size
of aboveground parts during all stages (Figure 3A). The
plant height of OE lines was significantly shorter than that
of WT. At harvest, the transgenic plants were 35.7-39.5%
shorter than WT (Figure 3B). Significantly reduced storage
root size was also found in the transgenic lines. Total
fresh weight of storage roots per plant in transgenic lines
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was 65.8-83.8% lower than that of WT (Figure 3C). The A
diameter of storage roots in transgenic lines was 42.1-50.6%
thinner than that of WT (Figure 3D). The reduced root 14 4 MeAPS
size led to altered phenotype with reduced yield in OE - | a
transgenic lines. H 12
S 10

MeCWINV3 Overexpression in Cassava g 6 .
Alters Carbon Export and Allocation X
in Leaves e %% be g
To study the influence of CWINV on carbon allocation, sugar % 04 A
and starch content of leaves and storage roots were assessed. @
During day and night, glucose and fructose content in leaves 027
were always higher in the OE lines, while sucrose content 0.0 .
dramatically decreased in the transgenic lines compared to wr OE-1 OE-3 OE-23
WT (Figures 4A-C). Both the transcript level of MeCWINV3 B
and total enzyme activity of CWINVs were higher in leaves 14
of the transgenic lines than in WT (Figures 4D,E). The a MeGBSS/
activities of other types of INV, ie., VINV and CINV, in the _ 2
leaves of transgenic lines were not obviously different from g 10 -
WT (Figures 4F,G). Further transcription analysis of other 5
CWINV isoform genes showed that expressions of MeCWINV1I, ? 08 - b b
MeCWINV2, and MeCWINV4 were significantly increased by 5
16.6-, 4.8-, and 10.5-times, on average, in the leaves of the § 06 1 b
OE lines, respectively. The transcriptions of MeCWINV5 and % 04 ]
MeCWINV6 were less affected (Supplementary Figure S4). g
Iodine staining of leaves collected at 6 a.m. showed that the o2 |
transgenic cassava plants accumulated much more starch than
WT, showing a darker blue indicating the iodine-starch complex 0.0 :
(Figure 4H). Total starch analysis also demonstrated that starch wr OE-1 O3 OE:23
content of the leaves of OE lines was significantly higher than c
that of WT (Figure 4I). Quantitative analysis of effective PSII 12
quantum yield and non-photochemical quenching parameter a MeSBEI
showed no significant changes in photosynthetic performance of s 01
the transgenic leaves (Supplementary Figure S3). 3

CWINV activities were also significantly higher (about 2 § %% c
times) in storage roots of the OE lines (Figure 5A) but § d
this was not the case for either vacuole or cytosolic INVs g 06 b
(Figures 5B,C). The over-expression of MeCWINV3 in OE =
transgenic lines is attributed to the increase in total CWINV -% 0.4+
activity. However, sugar content, including glucose, fructose, 8
and sucrose, was significantly reduced in storage roots of 021
transgenic plants (Figure 6A). Moreover, the starch content
in storage roots decreased by 38.2-54% compared to that 0.0 wr oA oE3 oE23
of WT (Figure 6B). No obviously change was detected in
the expression of MeSUTI which is responsible of long— FIGURE 8 | Relative transcription levels of starch biosynthetic genes in
distance sucrose transport in phloem loading (Supplementary storage roots of wild-type (WT) and the MeCWINV3-overexpressed (OF)
Figure S5). These results indicated limited carbon transport cassava plants. (A) MeAPS, the small subunit ADP-glucose
from source to sink. pyrophosphorylase gene. (B) MeGBSSI, the granule-bound starch synthase |

To investigate whether the export of sugar was affected by gerje (©) Me?BE/, the starch branching enzyme | gene. Different letters
increased CWINV activity, phloem exudate was analyze d indicate significant differences (one-way ANOVA, p < 0.05).

in WT and transgenic plants fed with the '*C isotope
labeled CO,. Sugar in phloem exudate was significantly
different between the OE transgenic plants and WT. labeled sucrose, which is the main exporting form of
Compared to WT, glucose and fructose decreased at photosynthesis assimilates, by GC-MS showed that no
least 77.3% and sucrose decreased 88.8% in the OE difference appeared among two transgenic lines and WT
transgenic lines (Figure 7A). Further analysis of BC  in leaves (Figure 7B), but in fibrous roots 13C sucrose was
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indicate significant differences (one-way ANOVA, p < 0.05).
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FIGURE 11 | Schematic illustration of MeCWINV3 function on sucrose
hydrolysis to regulate the sugar allocation from source to sink in vascular
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tuberization is repressed. Red up dash arrow indicates increased activity and
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significantly reduced (Figure 7C). About 70-85% less phloem
exudate was detected in OE transgenic plants compared
to WT (Figures 7C,D), which was consistent with above
result (Figure 7A).

Overexpression of MeCWINV3 in
Cassava Reduces Starch Biosynthesis in
Storage Roots

Since both sugar and starch contents were significantly
decreased in the storage roots of OE transgenic cassava
plants (Figure 6), starch biosynthetic genes were analyzed
to check whether the reduced starch content was due
to decreased starch biosynthesis. Significantly down-

regulated expression was detected for three genes,
small  subunit ~ ADP-glucose  pyrophosphorylase  (APS),
granule-bound  starch  synthase 1 (GBSSI), and starch

branching enzyme I (SBEI), in the OE lines by qRT-PCR
(Figures 8A-C). The reduction ranged from 43 to 72% for
MeAPS, 40-50% for MeGBSSI, and 31-52% for MeSBEI among
three OE transgenic lines.

MeCWINV3-Overexpressing Cassava
Plants Show Early Leaf Senescence and

Increased Drought Sensitivity
Under normal growth conditions, an early leaf senescence
phenotype was observed in the basal leaves of OE transgenic
cassava lines compared to WT (Figure 9A). Leaves from
transgenic lines had higher water loss (Figure 9B) and
reduced H,O, content (Supplementary Figure S6). Several
genes related to the regulation of leaf senescence showed
upregulated expression, especially the Osh gene (alanine-
glyoxylate aminotransferase 2, XM_021768525.1, Figure 9C),
indicating that the altered sucrose homeostasis affected
senescence progress. Increased reactive oxygen species (ROS)
generation may lead to the progression of senescence as indicated
by increased enzymatic activity of SOD and CAT (Figures 9D,E).
Under the drought treatment by irrigation depletion, the
OE transgenic plants showed accelerated leaf senescence in the
bottom leaves after 17 days of treatment. More severe symptoms
of drought damage on cassava plants were observed, including
middle leaf senescence, leaf shedding, and leaf dehydration
(Figure 10A). Further analysis of sugar contents in the 17 days
treated leaf samples showed significantly reduction in glucose,
fructose, and sucrose contents in WT plants, but the changes
in the OE transgenic plants were noticeable, showing significant
reduction in glucose and fructose (Figures 10B-D). Before the
drought treatment, the transgenic plants had lower levels of SOD
activity than WT plants, approximately 10% less. SOD activities
were increased in all plants after treatment and the WT plant
showed the highest level (Figure 10E).

DISCUSSION

Cassava produces storage roots as a major sink for storing
starch derived from photoassimilates in the leaves (Alves, 2002).
The storage process involves phloem loading and unloading
of sucrose in the source and sink, respectively. Understanding
the key factors in the pathway and its regulation enables us to
modulate the process for better yield and improved nutrition
in root crops. In this study, the function of MeCWINV3, a
conserved protein of CWINV's that is highly expressed in vascular
bundles, was studied for its role in carbohydrate partitioning
from leaves to storage roots and plant growth in cassava.
The results indicate that overexpression of MeCWINV3 led
to accelerated sucrose decomposition in cassava leaves, thus
reducing the efflux of sucrose from source to sink and eventually
causing early leaf senescence, reduced stress tolerance, and
delayed storage root development in cassava (Figure 11). Our
study provides new evidence of the importance of CWINVs in
sugar homeostasis of source organs and development of higher
plants (Ruan, 2014).

Many reports have shown that CWINVs play critical
functions closely related to plant reproduction, affecting pollen
germination, ovary activity, and fruit and seed development
(Wang et al., 2008; Goetz et al., 2017; Ru et al., 2017; Wan et al.,
2018). For example, down-regulated expression or knockout
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of CWINV genes reduced grain weight in maize (Miller and
Chourey, 1992) and caused fruit and seed abortion in tomato
(Jin et al., 2009; Zanor et al., 2009). In contrast, increased
CWINV activity led to high oil content in cotton and high
yield in Arabidopsis and maize (Von Schweinichen and Biittner,
2005; Li et al, 2013; Yang et al, 2017). Apical meristem-
specific expression of CWINV also leads to accelerated flowering
and an increase in seed yield by nearly 30% (Heyer et al,
2004). Suppressed expression of CWINV led to deficiency in
carrot root development (Tang et al., 1999). Nevertheless, no
detailed function in root crops like cassava has been reported
and the way CWINV participate in sucrose hydrolysis to affect
sugar allocation upon phloem loading has not been revealed in
source organs. The high expression of MeCWINV3 in cassava
leaves indicates its role for sugar decomposition in apoplasts
for sugar transport and intercellular sugar translocation among
cells of vascular bundles (Figure 11). Its low expression in
storage roots suggests fewer roles in sugar unloading in roots
which might be conducted by other CWINV homologs such as
MeCWINV1 (Yao et al., 2014). The expression of MeCWINV3
had a nycthemeral rhythm in leaf, as INV LIN6 of tomato (Proels
and Roitsch, 2009), indicating the key role of MeCWINV3 in
cassava source organs. In cassava, the apoplastic pathway is the
major mode of sucrose transport, and therefore, MeCWINV3
might collaborate with sucrose transporters such as SWEETSs
and SUTs for sugar allocation (Eom et al., 2015). Our study has
different results compared with those in Arabidopsis, maize or
tomato (Von Schweinichen and Biittner, 2005; Li et al., 2013;
Liu et al., 2016; Vallarino et al., 2017), in which overexpression
of CWINV increased yield, owing to improved grain or fruit
filling (Wang et al., 2008; Li et al., 2013). Altered sugar transport
and impaired whole plant development had been reported in
plants expressing the yeast CWINV due to disturbed assimilate
partitioning (von Schaewen et al., 1990; Sonnewald et al., 1991;
Heineke et al., 1994). Importantly, our results showed that
constitutively overexpressing the MeCWINV3 gene in cassava
reduced biomass production, including plant height and storage
root yield (Figure 11).

Our carbon isotope labeling data showed that sugar content,
especially sucrose, significantly decreased in the stem phloem
exudate of the OE transgenic cassava, but not in the labeled
leaves. This suggests that excess MeCWINV3 activity in cassava
decomposed more sucrose that is loaded into the phloem,
thus reducing sugar transported from source to the sink. No
changes in MeSUT1 expression was observed in the OE lines.
As a result, sugar shortages were detected both in fibrous
and storage roots, leading to reduced expression of starch
biosynthetic genes such as MeAPS, MeGBSSI, and MeSBEI,
possibly through a feedback mechanism of sugar signaling
pathway (Yu et al, 2015). Consequently, the phenotypes of
delayed storage root growth, reduced starch accumulation, and
diminished yield were observed. There is no reduction of
effective PSII quantum yield and non-photochemical quenching
parameter in the leaves of transgenic OE lines, indicating
less impact of their photosynthesis capacity. In cassava leaves,
inhibition of the transport of assimilates in the phloem by
petiole heat girdling showed a similar starch accumulation

phenotype but different scenario of sugar contents in which
reduced glucose and fructose were detected (Zhang Y. et al,
2015). Enhanced CWINV activity was detected during ovary-to-
fruit transition in tomato and its LIN5 was localized to cell walls
of sieve elements to facilitate phloem unloading and to generate
a glucose signal for fruit set (Palmer et al, 2015). A recent
study also proposed different roles of CWINV genes in seed
development (Zhang et al., 2018). Therefore, this study reveals
the important function of MeCWINV3 in maintaining cassava
sugar homeostasis in source organs.

CWINV also influences plant stress response by altered
sugar allocation. In tomato, fruit set under heat stress can
be improved by increased CWINV activity, which suppresses
ROS-independent cell death (Liu et al, 2016). Silencing
CWINV inhibitor INVINHI1 expression in tomato increased
CWINV activity and enhanced chilling tolerance (Xu et al,
2017). In addition, overexpression of CWINV improved
adaptation to drought stress of tomato (Albacete et al,
2015). CWINs may control the dynamic equilibrium of
sugar metabolism, thus changing stress resistance of plants
(Proels and Hueckelhoven, 2014). Cross-talk of CWINV with
hormones has also been indicated; this affected crop yield
by controlling sink activity (Rijavec et al, 2009; Albacete
et al,, 2014; French et al, 2014). The increased sink activity
mediated by CWINV can lead to cytokinin-induced delay
of senescence (Balibrea et al., 2004; Hwang et al, 2012). In
contrast, the OE transgenic cassava showed an accelerated
leaf senescence phenotype and reduced drought tolerance,
indicating the importance of MeCWINV3 in plant growth
and stress response (Figure 11). It is necessary to study
further how CWINs influence both sugar metabolism and stress
response in cassava.

Different CWINVs may fulfill variable functions, based
on tissue specificity and enzymatic characteristics (Sturm,
1999; Lammens et al., 2009; Wan et al, 2018). Closely
related defective CWINVs lacking sucrose degrading
capacity may Dbe involved in sequestering CWINV
inhibitors (Le Roy et al, 2013). They lack the typical
D/K or D/R couple that to bind sucrose as a substrate.
MeCWINV3 contains the D/K couple and all other
typical characteristics of a CWINV (Lammens et al, 2008;
Le Royetal., 2013), in line with its proposed function in
sucrose hydrolysis.

CONCLUSION

In conclusion, cassava MeCWINV3 is an important CWINV
gene that functions in vascular bundles for sugar allocation,
especially in source leaves. Its constitutive overexpression in
cassava reduced biomass production, accelerated leaf senescence,
and delayed storage root growth due to the inhibition of sugar
transport from leaves to storage roots. The low level of sugars
in storage roots affects starch biosynthesis and accumulation.
Our study reveals the critical role of MeCWINV3 in regulating
sucrose translocation and homeostasis in cassava, thus affecting
source capacity and sink unloading of cassava.

Frontiers in Plant Science | www.frontiersin.org

April 2019 | Volume 10 | Article 541


https://www.frontiersin.org/journals/plant-science/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles

Yan et al.

Invertase Function in Cassava Productivity

AUTHOR CONTRIBUTIONS

WY and XW performed most of the experiments, analyzed
the data, and draft the manuscript. YL, GL, ZC, TJ, and
QM conducted partial experiments. LL and PZ conceived and
designed the study, analyzed the data, and revised the manuscript
with input from other authors. All authors discussed the results
and approved the final manuscript.

FUNDING

This work was supported by grants from the National Key R&D
Program of China Development and Regulation of Economically
Important Traits in Tropical Crops (2018YFD1000500)

REFERENCES

Albacete, A., Cantero-Navarro, E., Balibrea, M. E., Grosskinsky, D. K., de la Cruz
Gonzalez, M., Martinez-Andujar, C., et al. (2014). Hormonal and metabolic
regulation of tomato fruit sink activity and yield under salinity. J. Exp. Bot. 65,
6081-6095. doi: 10.1093/jxb/eru347

Albacete, A., Cantero-Navarro, E., Grosskinsky, D. K., Arias, C. L., Encarnacion
Balibrea, M., Bru, R., et al. (2015). Ectopic overexpression of the cell wall
invertase gene CIN1 leads to dehydration avoidance in tomato. J. Exp. Bot. 66,
863-878. doi: 10.1093/jxb/eru448

Alves, A. A. C. (2002). “Cassava botany and physiology,” in Cassava: Biology,
Production and Utilization, eds R. J. Hillocks, J. M. Thresh, and A. Bellotti
(Wallingford: CABI), 67-89.

Balibrea, L. M. E., Gonzalez Garcia, M.-C., Fatima, T., Ehnef3, R., Kyun Lee, T.,
Proels, R., et al. (2004). Extracellular invertase is an essential component of
cytokinin-mediated delay of senescence. Plant Cell 16, 1276-1287.

Benhamou, N., Grenier, J., and Chrispeels, M. J. (1991). Accumulation of beta-
fructosidase in the cell walls of tomato roots following infection by a fungal
wilt pathogen. Plant Physiol. 97, 739-750.

Bergareche, D., Royo, J., Muniz, L. M., and Hueros, G. (2018). Cell wall invertase
activity regulates the expression of the transfer cell-specific transcription factor
ZmMRP-1. Planta 247, 429-442. doi: 10.1007/s00425-017-2800-y

Blee, K. A., and Anderson, A. J. (2002). Transcripts for genes encoding soluble
acid invertase and sucrose synthase accumulate in root tip and cortical cells
containing mycorrhizal arbuscules. Plant Mol. Biol. 50, 197-211.

Bonfig, K. B., Gabler, A., Simon, U. K., Luschin-Ebengreuth, N., Hatz, M.,
Berger, S., et al. (2010). Post-translational derepression of invertase activity
in source leaves via down-regulation of invertase inhibitor expression is part
of the plant defense response. Mol. Plant 3, 1037-1048. doi: 10.1093/mp/s
5q053

Chen, L.-Q., Cheung, L. S., Feng, L., Tanner, W., and Frommer, W. B. (2015).
Transport of sugars. Annu. Rev. Biochem. 84, 865-894. doi: 10.1146/annurev-
biochem-060614-033904

Chourey, P. S., Li, Q. B, and Kumar, D. (2010). Sugar-hormone cross-talk in
seed development: two redundant pathways of IAA biosynthesis are regulated
differentially in the invertase-deficient miniaturel (mnl) seed mutant in maize.
Mol. Plant 3,1026-1036. doi: 10.1093/mp/ssq057

De Souza, A. P., Massenburg, L. N., Jaiswal, D., Cheng, S., Shekar, R., and Long,
S. P. (2017). Rooting for cassava: insights into photosynthesis and associated
physiology as a route to improve yield potential. New Phytol. 213, 50-65.
doi: 10.1111/nph.14250

Ehness, R., and Roitsch, T. (1997). Co-ordinated induction of mRNAs for
extracellular invertase and a glucose transporter in Chenopodium rubrum by
cytokinins. Plant J. 11, 539-548.

El-Sharkawy, M. A. (2014). Global warming: causes and impacts on agroecosystems
productivity and food security with emphasis on cassava comparative advantage
in the tropics/subtropics. Photosynthetica 52, 161-178.

and the Earmarked Fund for China Agriculture Research
System (CARS-11-shzp).

ACKNOWLEDGMENTS

We thank Drs. Hongxia Wang, Genyun Chen, Hualing Mi, Jun
Yang, and Mr. Lianjun Wang for assistance in the study.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fpls.2019.00541/
full#supplementary-material

Eom, J. S., Chen, L. Q., Sosso, D., Julius, B. T., Lin, I. W., Qu, X. Q., et al. (2015).
SWEETSs, transporters for intracellular and intercellular sugar translocation.
Curr. Opin. Plant Biol. 25, 53-62. doi: 10.1016/j.pbi.2015.04.005

Essmann, J., Schmitz-Thom, I., Schon, H., Sonnewald, S., Weis, E., and Scharte,
J. (2008). RNA interference-mediated repression of cell wall invertase impairs
defense in source leaves of tobacco. Plant Physiol. 147, 1288-1299. doi: 10.1104/
pp.108.121418

Fan, W. ], Wang, H. X,, Wu, Y. L, Yang, N,, Yang, J., and Zhang, P. (2017). H+-
pyrophosphatase IbVP1 promotes efficient iron use in sweet potato [Ipomoea
batatas (L.) Lam.]. Plant Biotechnol. J. 15, 698-712. doi: 10.1111/pbi.12667

French, S. R., Abu-Zaitoon, Y., Uddin, M. M., Bennett, K., and Nonhebel, H. M.
(2014). Auxin and cell wall invertase related signaling during rice grain
development. Plants 3, 95-112. doi: 10.3390/plants3010095

Geng, M. T., Yao, Y., Wu, X. H,, Min, Y., Fu, S. P., Hu, X. W,, et al. (2013). Cloning
and sequence analysis of two cDNA encoding invertase inhibitors from cassava
(Manihot esculenta Crantz). Adv. Mater. Res. 726, 4326-4329.

Godfray, H. C. J., Beddington, J. R,, Crute, I. R., Haddad, L., Lawrence, D., Muir,
J. E., etal. (2010). Food security: the challenge of feeding 9 billion people. Science
327, 812-818. doi: 10.1126/science.1185383

Goetz, M., Guivarch, A., Hirsche, J., Bauerfeind, M. A., Gonzalez, M.-C., Hyun,
T. K., et al. (2017). Metabolic control of tobacco pollination by sugars and
invertases. Plant Physiol. 173, 984-997. doi: 10.1104/pp.16.01601

Greiner, S., Rausch, T., Sonnewald, U., and Herbers, K. (1999). Ectopic expression
of a tobacco invertase inhibitor homolog prevents cold-induced sweetening of
potato tubers. Nat. Biotechnol. 17, 708-711.

Gui, J., Liu, C,, Shen, J., and Li, L. (2014). Grain setting defect1, encoding a remorin
protein, affects the grain setting in rice through regulating plasmodesmatal
conductance. Plant Physiol. 166, 1463-1478. doi: 10.1104/pp.114.246769

Hall, J. L., and Williams, L. E. (2000). Assimilate transport and partitioning in
fungal biotrophic interactions. Funct. Plant Biol. 27, 549-560.

Heineke, D., Wildenberger, K., Sonnewald, U., Willmitzer, L., and Heldt, H. W.
(1994). Accumulation of hexoses in leaf vacuoles: studies with transgenic
tobacco plants expressing yeast-derived invertase in the cytosol, vacuole or
apoplasm. Planta 194, 29-33.

Heyer, A. G., Raap, M., Schroeer, B., Marty, B., and Willmitzer, L. (2004). Cell
wall invertase expression at the apical meristem alters floral, architectural, and
reproductive traits in Arabidopsis thaliana. Plant J. 39, 161-169.

Horton, P., Park, K. J., Obayashi, T., Fujita, N., Harada, H., Adams-Collier, C. J.,
et al. (2007). WoLF PSORT: protein localization predictor. Nucleic Acids Res.
35(Suppl._2), W585-W587.

Hothorn, M., Van den Ende, W., Lammens, W., Rybin, V., and Scheffzek, K. (2010).
Structural insights into the pH-controlled targeting of plant cell-wall invertase
by a specific inhibitor protein. Proc. Natl. Acad. Sci. U.S.A. 107, 17427-17432.
doi: 10.1073/pnas.1004481107

Huang, L. F., Bocock, P. N., Davis, J. M., and Koch, K. E. (2007). Regulation
of invertase: a ‘suite’ of transcriptional and post-transcriptional mechanisms.
Funct. Plant Biol. 34, 499-507.

Frontiers in Plant Science | www.frontiersin.org

April 2019 | Volume 10 | Article 541


https://www.frontiersin.org/articles/10.3389/fpls.2019.00541/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fpls.2019.00541/full#supplementary-material
https://doi.org/10.1093/jxb/eru347
https://doi.org/10.1093/jxb/eru448
https://doi.org/10.1007/s00425-017-2800-y
https://doi.org/10.1093/mp/ssq053
https://doi.org/10.1093/mp/ssq053
https://doi.org/10.1146/annurev-biochem-060614-033904
https://doi.org/10.1146/annurev-biochem-060614-033904
https://doi.org/10.1093/mp/ssq057
https://doi.org/10.1111/nph.14250
https://doi.org/10.1016/j.pbi.2015.04.005
https://doi.org/10.1104/pp.108.121418
https://doi.org/10.1104/pp.108.121418
https://doi.org/10.1111/pbi.12667
https://doi.org/10.3390/plants3010095
https://doi.org/10.1126/science.1185383
https://doi.org/10.1104/pp.16.01601
https://doi.org/10.1104/pp.114.246769
https://doi.org/10.1073/pnas.1004481107
https://www.frontiersin.org/journals/plant-science/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles

Yan et al.

Invertase Function in Cassava Productivity

Hwang, L, Sheen, J., and Miiller, B. (2012). Cytokinin signaling networks. Annu.
Rev. Plant Biol. 63, 353-380. doi: 10.1146/annurev-arplant-042811-105503

Jain, M., Chourey, P. S., Boote, K. J,, and Allen, L. H. Jr. (2010). Short-
term high temperature growth conditions during vegetative-to-reproductive
phase transition irreversibly compromise cell wall invertase-mediated sucrose
catalysis and microspore meiosis in grain sorghum (Sorghum bicolor). J. Plant
Physiol. 167, 578-582. doi: 10.1016/].jplph.2009.11.007

Ji, X., Van den Ende, W., Van Laere, A., Cheng, S., and Bennett, J. (2005). Structure,
evolution, and expression of the two invertase gene families of rice. J. Mol. Evol.
60, 615-634.

Jin, Y., Ni, D. A., and Ruan, Y. L. (2009). Posttranslational elevation of cell wall
invertase activity by silencing its inhibitor in tomato delays leaf senescence
and increases seed weight and fruit hexose level. Plant Cell 21, 2072-2089.
doi: 10.1105/tpc.108.063719

Khadilkar, A. S., Yadav, U. P., Salazar, C., Shulaev, V., Paez-Valencia, J., Pizzio,
G. A, et al. (2016). Constitutive and companion cell-specific overexpression
of AVPI, encoding a proton-pumping pyrophosphatase, enhances biomass
accumulation, phloem loading, and long-distance transport. Plant Physiol. 170,
401-414. doi: 10.1104/pp.15.01409

King, R. W., and Zeevaart, J. A. (1974). Enhancement of Phloem exudation from
cut petioles by chelating agents. Plant Physiol. 53, 96-103.

Kocal, N., Sonnewald, U., and Sonnewald, S. (2008). Cell wall-bound invertase
limits sucrose export and is involved in symptom development and
inhibition of photosynthesis during compatible interaction between tomato
and Xanthomonas campestris pv vesicatoria. Plant Physiol. 148, 1523-1536.
doi: 10.1104/pp.108.127977

Lammens, W., Le Roy, K., Schroeven, L., Van Laere, A., Rabijns, A., and Van den
Ende, W. (2009). Structural insights into glycoside hydrolase family 32 and 68
enzymes: functional implications. J. Exp. Bot. 60, 727-740. doi: 10.1093/jxb/
ern333

Lammens, W., Le Roy, K., Van Laere, A., Rabijns, A., and Van den Ende, W.
(2008). Crystal structures of Arabidopsis thaliana cell-wall invertase mutants
in complex with sucrose. J. Mol. Biol. 377, 378-385. doi: 10.1016/j.jmb.2007.
12.074

Le Roy, K., Vergauwen, R., Struyf, T., Yuan, S., Lammens, W., Matrai, J., et al.
(2013). Understanding the role of defective invertases in plants: tobacco Nin88
fails to degrade sucrose. Plant Physiol. 161, 1670-1681. doi: 10.1104/pp.112.
209460

Li, B., Liu, H., Zhang, Y., Kang, T., Zhang, L., Tong, J., et al. (2013). Constitutive
expression of cell wall invertase genes increases grain yield and starch content
in maize. Plant Biotechnol. ]. 11, 1080-1091. doi: 10.1111/pbi.12102

Liu, Y.-H., Offler, C. E., and Ruan, Y.-L. (2016). Cell wall invertase promotes fruit
set under heat stress by suppressing ROS-independent plant cell death. Plant
Physiol. 172, 163-180. doi: 10.1104/pp.16.00959

Miller, M. E., and Chourey, P. S. (1992). The maize invertase-deficient miniature-1
seed mutation is associated with aberrant pedicel and endosperm development.
Plant Cell 4, 297-305.

Nieberl, P., Ehrl, C., Pommerrenig, B., Graus, D., Marten, L, Jung, B., et al. (2017).
Functional characterisation and cell specificity of BvSUT], the transporter that
loads sucrose into the phloem of sugar beet (Beta vulgaris L.) source leaves.
Plant Biol. 19, 315-326. doi: 10.1111/plb.12546

Palmer, W. M., Ru, L., Jin, Y., Patrick, J. W., and Ruan, Y.-L. (2015). Tomato
ovary-to-fruit transition is characterized by a spatial shift of mRNAs for cell wall
invertase and its inhibitor with the encoded proteins localized to sieve elements.
Mol. Plant 8, 315-328. doi: 10.1016/j.molp.2014.12.019

Pan, Q. H, Li, M. ], Peng, C. C,, Zhang, N., Zou, X., Zou, K. Q,, et al. (2005).
Abscisic acid activates acid invertases in developing grape berry. Physiol. Plant.
125, 157-170.

Proels, R. K., and Hueckelhoven, R. (2014). Cell-wall invertases, key enzymes in the
modulation of plant metabolism during defence responses. Mol. Plant Pathol.
15, 858-864. doi: 10.1111/mpp.12139

Proels, R. K., and Roitsch, T. (2009). Extracellular invertase LIN6 of tomato: a
pivotal enzyme for integration of metabolic, hormonal, and stress signals is
regulated by a diurnal rhythm. J. Exp. Bot. 60, 1555-1567. doi: 10.1093/jxb/
erp027

Qin, G., Zhu, Z., Wang, W, Cai, J., Chen, Y., Li, L., et al. (2016). A tomato vacuolar
invertase inhibitor mediates sucrose metabolism and influences fruit ripening.
Plant Physiol. 172, 1596-1611.

Rausch, T., and Greiner, S. (2004). Plant protein inhibitors of invertases. Biochim.
Biophys. Acta 1696, 253-261.

Rende, U., Wang, W., Gandla, M. L., Jonsson, L. J., and Niittyla, T. (2017).
Cytosolic invertase contributes to the supply of substrate for cellulose
biosynthesis in developing wood. New Phytol. 214, 796-807. doi: 10.1111/nph.1
4392

Rijavec, T., Kova¢, M., Kladnik, A., Chourey, P. S., and Dermastia, M. (2009).
A comparative study on the role of cytokinins in caryopsis development in
the maize miniaturel seed mutant and its wild type. J. Integr. Plant Biol. 51,
840-849. doi: 10.1111/j.1744-7909.2009.00863.x

Roitsch, T., and Gonzalez, M. C. (2004). Function and regulation of plant
invertases: sweet sensations. Trends Plant Sci. 9, 606-613.

Ru, L., Osorio, S., Wang, L., Fernie, A. R., Patrick, J. W., and Ruan, Y.-L. (2017).
Transcriptomic and metabolomics responses to elevated cell wall invertase
activity during tomato fruit set. J. Exp. Bot. 68, 4263-4279. doi: 10.1093/jxb/
erx219

Ruan, Y. L. (2014). Sucrose metabolism: gateway to diverse carbon use and sugar
signaling. Annu. Rev. Plant Biol. 65, 33-67. doi: 10.1146/annurev-arplant-
050213-040251

Ruan, Y.-L,, Jin, Y., Yang, Y.-J,, Li, G.-J., and Boyer, J. S. (2010). Sugar input,
metabolism, and signaling mediated by invertase: roles in development, yield
potential, and response to drought and heat. Mol. Plant 3, 942-955. doi: 10.
1093/mp/ssq044

Sander, A., Krausgrill, S., Greiner, S., Weil, M., and Rausch, T. (1996). Sucrose
protects cell wall invertase but not vacuolar invertase against proteinaceous
inhibitors. FEBS Lett. 385, 171-175.

Schaarschmidt, S., Roitsch, T., and Hause, B. (2006). Arbuscular mycorrhiza
induces gene expression of the apoplastic invertase LIN6 in tomato
(Lycopersicon esculentum) roots. J. Exp. Bot. 57, 4015-4023.

Schmittgen, T. D., and Livak, K. J. (2008). Analyzing real-time PCR data by the
comparative CT method. Nat. Protoc. 3,1101-1108.

Sonnewald, U., Brauer, M., von Schaewen, A., Stitt, M., and Willmitzer, L. (1991).
Transgenic tobacco plants expressing yeast-derived invertase in either the
cytosol, vacuole or apoplast: a powerful tool for studying sucrose metabolism
and sink/source interactions. Plant J. 1, 95-106.

Sturm, A. (1999). Invertases. Primary structures, functions, and roles in plant
development and sucrose partitioning. Plant Physiol. 121, 1-7.

Sturm, A., and Chrispeels, M. J. (1990). cDNA cloning of carrot extracellular beta-
fructosidase and its expression in response to wounding and bacterial infection.
Plant Cell 2,1107-1119.

Sun, L., Yang, D. L, Kong, Y., Chen, Y., Li, X. Z, Zeng, L. J, et al
(2014). Sugar homeostasis mediated by cell wall invertase GRAIN
INCOMPLETE FILLING 1 (GIF1) plays a role in pre-existing and
induced defence in rice. Mol. Plant Pathol. 15, 161-173. doi: 10.1111/mpp.1
2078

Tamura, K., Stecher, G., Peterson, D., Filipski, A., and Kumar, S. (2013). MEGA®6:
molecular evolutionary genetics analysis version 6.0. Mol. Biol. Evol. 30,
2725-2729. doi: 10.1093/molbev/mst197

Tang, G. Q., Luscher, M., and Sturm, A. (1999). Antisense repression of vacuolar
and cell wall invertase in transgenic carrot alters early plant development and
sucrose partitioning. Plant Cell 11, 177-189.

Tomlinson, K. L., McHugh, S., Labbe, H., Grainger, J. L., James, L. E., Pomeroy,
K. M,, et al. (2004). Evidence that the hexose-to-sucrose ratio does not control
the switch to storage product accumulation in oilseeds: analysis of tobacco seed
development and effects of overexpressing apoplastic invertase. J. Exp. Bot. 55,
2291-2303.

Vallarino, J. G., Yeats, T. H., Maximova, E., Rose, J. K., Fernie, A. R., and Osorio,
S. (2017). Postharvest changes in LIN5-down-regulated plants suggest a role
for sugar deficiency in cuticle metabolism during ripening. Phytochemistry 142,
11-20. doi: 10.1016/j.phytochem.2017.06.007

von Schaewen, A., Stitt, M., Schmidt, R., Sonnewald, U., and Willmitzer, L.
(1990). Expression of a yeast-derived invertase in the cell wall of tobacco and
Arabidopsis plants leads to accumulation of carbohydrate and inhibition of
photosynthesis and strongly influences growth and phenotype of transgenic
tobacco plants. EMBO J. 9, 3033-3044.

Von Schweinichen, C., and Biittner, M. (2005). Expression of a plant cell wall
invertase in roots of Arabidopsis leads to early flowering and an increase in
whole plant biomass. Plant Biol. 7, 469-475.

Frontiers in Plant Science | www.frontiersin.org

April 2019 | Volume 10 | Article 541


https://doi.org/10.1146/annurev-arplant-042811-105503
https://doi.org/10.1016/j.jplph.2009.11.007
https://doi.org/10.1105/tpc.108.063719
https://doi.org/10.1104/pp.15.01409
https://doi.org/10.1104/pp.108.127977
https://doi.org/10.1093/jxb/ern333
https://doi.org/10.1093/jxb/ern333
https://doi.org/10.1016/j.jmb.2007.12.074
https://doi.org/10.1016/j.jmb.2007.12.074
https://doi.org/10.1104/pp.112.209460
https://doi.org/10.1104/pp.112.209460
https://doi.org/10.1111/pbi.12102
https://doi.org/10.1104/pp.16.00959
https://doi.org/10.1111/plb.12546
https://doi.org/10.1016/j.molp.2014.12.019
https://doi.org/10.1111/mpp.12139
https://doi.org/10.1093/jxb/erp027
https://doi.org/10.1093/jxb/erp027
https://doi.org/10.1111/nph.14392
https://doi.org/10.1111/nph.14392
https://doi.org/10.1111/j.1744-7909.2009.00863.x
https://doi.org/10.1093/jxb/erx219
https://doi.org/10.1093/jxb/erx219
https://doi.org/10.1146/annurev-arplant-050213-040251
https://doi.org/10.1146/annurev-arplant-050213-040251
https://doi.org/10.1093/mp/ssq044
https://doi.org/10.1093/mp/ssq044
https://doi.org/10.1111/mpp.12078
https://doi.org/10.1111/mpp.12078
https://doi.org/10.1093/molbev/mst197
https://doi.org/10.1016/j.phytochem.2017.06.007
https://www.frontiersin.org/journals/plant-science/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles

Yan et al.

Invertase Function in Cassava Productivity

Wan, H., Wu, L., Yang, Y., Zhou, G., and Ruan, Y.-L. (2018). Evolution of sucrose
metabolism: the dichotomy of invertases and beyond. Trends Plant Sci. 23,
163-177. doi: 10.1016/j.tplants.2017.11.001

Wang, E., Wang, J., Zhu, X., Hao, W., Wang, L., Li, Q., et al. (2008). Control of rice
grain-filling and yield by a gene with a potential signature of domestication. Nat.
Genet. 40, 1370-1374. doi: 10.1038/ng.220

Wang, L., Liao, S., and Ruan, Y. L. (2013). Cell wall invertase as a regulator
in determining sequential development of endosperm and embryo through
glucose signaling early in seed development. Plant Signal. Behav. 8:22722.
doi: 10.4161/psb.22722

Wang, L., and Ruan, Y. L. (2012). New insights into roles of cell wall invertase
in early seed development revealed by comprehensive spatial and temporal
expression patterns of GhCWINI in cotton. Plant Physiol. 160, 777-787. doi:
10.1104/pp.112.203893

Xu, J., Aileni, M., Abbagani, S., and Zhang, P. (2010). A reliable and
efficient method for total RNA isolation from various members of spurge
family (Euphorbiaceae). Phytochem. Anal. 21, 395-398. doi: 10.1002/pca.
1205

Xu, X, Hu, Q., Yang, W, and Jin, Y. (2017). The roles of call wall invertase
inhibitor in regulating chilling tolerance in tomato. BMC Plant Biol. 17:195.
doi: 10.1186/s12870-017-1145-9

Yang, H., Zhang, X, Chen, B., Meng, Y., Wang, Y., Zhao, W, et al
(2017). Integrated management strategies increase cottonseed, oil and protein
production: the key role of carbohydrate metabolism. Front. Plant Sci. 8:48.
doi: 10.3389/fpls.2017.00048

Yang, J., An, D., and Zhang, P. (2011). Expression profiling of cassava storage
roots reveals an active process of glycolysis/gluconeogenesis. J. Integr. Biol. 53,
193-211. doi: 10.1111/j.1744-7909.2010.01018.x

Yao, Y., Geng, M. T., Wu, X. H,, Liu, ], Li, R. M., Hu, X. W,, et al. (2014). Genome-
wide identification, 3D modeling, expression and enzymatic activity analysis of
cell wall invertase gene family from cassava (Manihot esculenta Crantz). Int. J.
Mol. Sci. 15, 7313-7331. doi: 10.3390/ijms15057313

Yao, Y., Geng, M. T, Wu, X. H, Liu, J, Li, R. M, Hu, X. W, et al
(2015). Genome-wide identification, expression, and activity analysis of
alkaline/neutral invertase gene family from cassava (Manihot esculenta Crantz).
Plant Mol. Biol. Rep. 33, 304-315.

Yu, S. M., Lo, S. F., and Ho, T. H. D. (2015). Source-sink communication: regulated
by hormone, nutrient, and stress cross-signaling. Trends Plant Sci. 20, 844-857.
doi: 10.1016/j.tplants.2015.10.009

Zanor, M. L., Osorio, S., Nunes-Nesi, A., Carrari, F., Lohse, M., Usadel, B., et al.
(2009). RNA interference of LIN5 in tomato confirms its role in controlling Brix
content, uncovers the influence of sugars on the levels of fruit hormones, and
demonstrates the importance of sucrose cleavage for normal fruit development
and fertility. Plant Physiol. 150, 1204-1218. doi: 10.1104/pp.109.136598

Zhang, J., Wu, Z., Hu, F,, Liu, L., Huang, X., Zhao, J., et al. (2018). Aberrant seed
development in Litchi chinensis is associated with the impaired expression of
cell wall invertase genes. Hortic. Res. 5:39. doi: 10.1038/s41438-018-0042-1

Zhang, N., Jiang, J., Yang, Y. L, and Wang, Z. H. (2015). Functional
characterization of an invertase inhibitor gene involved in sucrose metabolism
in tomato fruit. J. Zhejiang Univ. Sci. B 16, 845-856. doi: 10.1631/jzus.B1400319

Zhang, P., Potrykus, 1., and Puonti-Kaerlas, J. (2000). Efficient production of
transgenic cassava using negative and positive selection. Transgenic Res. 9,
405-415.

Zhang, Y., Ding, Z., Ma, F., Chauhan, R. D., Allen, D. K., Brutnell, T. P., et al.
(2015). Transcriptional response to petiole heat girdling in cassava. Sci. Rep.
5:84. doi: 10.1038/srep08414

Zhou, W., He, S., Naconsie, M., Ma, Q., Zeeman, S. C., Gruissem, W., et al.
(2017). Alpha-glucan, water dikinase 1 affects starch metabolism and storage
root growth in cassava (Manihot esculenta Crantz). Sci. Rep. 7:9863. doi: 10.
1038/541598-017-10594-6

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2019 Yan, Wu, Li, Liu, Cui, Jiang, Ma, Luo and Zhang. This is an
open-access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply
with these terms.

Frontiers in Plant Science | www.frontiersin.org

16

April 2019 | Volume 10 | Article 541


https://doi.org/10.1016/j.tplants.2017.11.001
https://doi.org/10.1038/ng.220
https://doi.org/10.4161/psb.22722
https://doi.org/10.1104/pp.112.203893
https://doi.org/10.1104/pp.112.203893
https://doi.org/10.1002/pca.1205
https://doi.org/10.1002/pca.1205
https://doi.org/10.1186/s12870-017-1145-9
https://doi.org/10.3389/fpls.2017.00048
https://doi.org/10.1111/j.1744-7909.2010.01018.x
https://doi.org/10.3390/ijms15057313
https://doi.org/10.1016/j.tplants.2015.10.009
https://doi.org/10.1104/pp.109.136598
https://doi.org/10.1038/s41438-018-0042-1
https://doi.org/10.1631/jzus.B1400319
https://doi.org/10.1038/srep08414
https://doi.org/10.1038/s41598-017-10594-6
https://doi.org/10.1038/s41598-017-10594-6
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/plant-science/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles

	Cell Wall Invertase 3 Affects Cassava Productivity via Regulating Sugar Allocation From Source to Sink
	Introduction
	Materials and Methods
	Gene Cloning and Phylogenetic Analysis
	Vector Construction, Plant Transformation, and Growth Conditions
	Sucrose and Drought Treatment
	Subcellular Location and Expression Pattern Assay
	DNA and RNA Extraction, Southern Blotting, and qRT-PCR
	INV Enzymatic Activity Measurement
	13C-Labeling and Phloem Exudate Collection
	Water-Soluble Carbohydrates and Starch Assays
	Superoxide Dismutase andCatalase Activity
	Statistical Analysis

	Results
	MeCWINV3 Encodes a Typical CWINV That Is Mainly Expressed in Leaf Vascular Bundles and Is Inducibleby Sucrose
	MeCWINV3 Responds to a Day/Night Cycle and Is Predominantly Expressedin Leaves
	Overexpression of MeCWINV3 in Cassava Leads to Reduced Biomass Production and StorageRoot Development
	MeCWINV3 Overexpression in Cassava Alters Carbon Export and Allocation in Leaves
	Overexpression of MeCWINV3 in Cassava Reduces Starch Biosynthesis in Storage Roots
	MeCWINV3-Overexpressing Cassava Plants Show Early Leaf Senescence and Increased Drought Sensitivity

	Discussion
	Conclusion
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


