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Abstract
Background: It is well known that cassava (Manihot esculenta Crantz) high e�cient accumulates starch
in its storage root underground, but how the photosynthates transported from leaves to the phloem,
especially unloaded into the parenchymal cell of storage root remains unclear.

Methods: Here, we investigated the phloem unloading pattern of sucrose and its impact to the
development of storage root in cassava through microstructural and physiological analyses, trace of
carboxy�uorescein (CF) and Isotope C14. Identi�cation of expression pro�ling of the genes involved in
symplasmic and apoplasmic transport and their correlation with storage root yield in population by
enzymatic activity, western blotting analysis and Transcriptome Sequencing.

Results: The carbohydrates are transported mainly as form of sucrose with above 54.6% measured with
stem phloem instantly. The sucrose was predominantly symplasmic unloading from phloem into storage
root, but there was a shift from apoplasmic to symplasmic unloading accompanied by the onset of root
swelling. Microstructure statistics revealed the plasmodesmata enriched among sieve, companion and
parenchyma cells in the developing storage root of cultivated variety but not in a wild ancestor. Tracing
test with CF veri�ed exist of coplastid channel and [14C]Suc demonstrated that the sucrose marked could
rapid diffusion into root parenchyma cells from phloem cells. The higher expression of genes and
proteins for SuSys in storage root at middle and late stage but not in early stage of storage root, primary
�brous root and second �brous root, and the inversely expressed pattern of SUTs, CWI and SAI in these
corresponding organs supported that there are a symplasmic sucrose unloading pathway. The
transcriptomic pattern of genes involved in symplasmic unloading and their signi�cantly positive
correction with starch yielding in population level con�rmed it is vital important that the symplasmic
sucrose transport in developing storage root of cassava.

Conclusions: In the study, we uncovered a predominantly symplasmic phloem unloading pattern of
sucrose in the storage root of cassava. And this advantage is essential to e�cient starch accumulation
for sucrose transports between a high yield variety to low yield wild ancestor.

Background
Photosynthesis, transportation and accumulation of carbohydrates are the three essential physiological
processes of the yield forming for any industrial crops [1]. How the photoassimilates transport from leave
sources to the storage sink is unexpected diversity among species. Where, the phloem loading in leave
and the unloading toward the sink is two restricted steps, that plays a pivotal role and can signi�cantly
affect crop yield and plant productivity [2]. To date, three general sucrose unloading models, namely,
symplasmic, apoplasmic and mixed models have been identi�ed in plants. Symplasmic phloem
unloading,the sucrose passed through plasmodesmata between phloem companion cells (CCs) and
parenchyma cells (PCs), into the sink tissues is the principal pathway for the most plant species[2]. A
series of genes relative to formation of plasmodesmata have been reported with transcriptomes[1].
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Sucrose synthase (SuSy) catalyses the reversible conversion of sucrose into fructose and uridine
diphosphate glucose, acts as a carriers to keep low concentration of sucrose in the parenchymal cell
physiologically; Compared with Invertases (INVs), SuSy is a post symplasmic unloading member, more
important for starch and protein synthesis[1, 3]. The regulation of symplasmic transport mediated by
changes in plasmodesmata was extensively studied in many plants[4–6].

Apoplasmic unloading depends on sucrose transporters (SUTs) to uptake the sucrose from phloem to the
parenchyma cell in the storage root. Also this process accompanies with the post-unloading invertases.
(Here, need describe the several kinds of INVs and their functions). Invertase is a promising candidate for
mediating sink strength because it catalyses the irreversible cleavage of sucrose to glucose and fructose.
Apoplasmic invertase (cell wall-bound acid invertase), which is associated with apoplasmic unloading[1,
7], allows the storage of osmotically active solutes against a concentration gradient [8]. Alternatively, the
sucrose in the apoplastic space between cells can be transported via sucrose transporters (SUTs) located
on the plasma membrane [9, 10].

The unloading processes can vary according to sink types, developmental stage and function of genes
involved [2]. The transition between two unloading pathways is closely related to soluble sugar content
and invertase activity[11, 12]. Sucrose utilisation is initiated by the cleavage catalysed by SuSy and the
invertase within the organs which regulates the unloading rate through two distinct phloem unloading
pathways[8, 13]. An inverse correlation between the mRNA expression of soluble acid invertase (SAI)- and
SuSy-encoding genes was identi�ed, and the balance between SuSy- and SAI-mediated sucrolytic
pathways determines the type of unloading pathway and starch accumulation in potato tubers [14].

Understanding the cellular routes of phloem unloading is needed to enhance the plant yield [15], but
developing a direct experimental model for the complicated sink organs and substantial technical
challenges is di�cult. To date, the mechanism studies of phloem unloading only focused on �eshy fruits,
such as grape berry [16], Chinese jujube [17], peach [10] blueberry [18] and kiwifruit [19], but few were
dedicated on vegetative storage sink. Cassava (Manihot esculenta Crantz) is a tropical perennial root
crop but is harvested yearly with about 12 months growth cycle. r Cassava rank the �fth most important
food crop globally fed about billion people rely on its starch enrich roots [20]. High e�cient
photosynthesis, tolerance to drought and extraordinarily high starch accumulation in the storage root is
essential biological characters of the cassava [21]. It has three root types: primary and secondary �brous
and storage roots [22]. Storage roots develop from primary �brous roots (PFRs) through a distinct pattern
of secondary growth, and starch accumulation can represent up to 85% of dry weight in storage roots
[23]. How the large amount of carbohydrates were loaded into phloem in the leaves and unloaded upon
parenchymal cell in the storage roots is known very few.

In this study, we uncovered the general transportation models of the carbohydrates in cassava, clari�ed
the sucrose is the main transported component, found a predominantly symplasmic phloem unloading
system in the storage root and there was a shift from the apoplasmic to the symplasmic transport at the
point of �brous root swelling stage whom is essential for high e�cient starch accumulation of cassava.
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That is based on structure, physiology and biochemistry experiments on the developing storage roots,
including of enzyme activity and mRNA expression involved genes for transport elements and post
transport events.

Results

Sucrose is the Primary Component of Photosynthates
Transported in the Phloem of Cassava
Cassava plants were potted in greenhouse. The biomass accumulation curve in three growth stages,
anatomical structure of the storage root, phloem sap collection and the measure of its compositions were
shown in Fig. 1. The phloem sap was collected from stem of plants during the developing of the storage
root (approximately 60 DAPE). HPLC examination shown that sucrose had the largest peak accounting
for above79% in the phloem sap, then were glucose and fructose (Fig. 1D). Their concentrations in the
phloem sap occupied 54.6%, 22.7% and 22.5% respectively (Table 1). This result indicates that sucrose is
the main transport form of carbohydrates from leaves to the underground storage roots of cassava.

Table 1
The sugar components of the phloem sap of cultivated Arg7 cassava

Sugars Samples Mean Content of sugars (mg·mL− 1) Percentage (%)

Sucrose Arg7 5.687 ± 0.011 54.6

Glucose Arg7 2.370 ± 0.004 22.7

Fructose Arg7 2.342 ± 0.025 22.5

SE-CC Complex is Symplasmically Connected to
Surrounding PCs through the Plasmodesmata in Storage
Root
According to the biomass (fresh and dry weights) accumulation curve of the storage root, we de�ned the
early stage (60 DAPE, storage root initial), middle (180 DAPE, storage root fast growth) and the late stage
(270 DAPE, storage root mature) of the developing storage root (Fig. 1A). The microstructure of the
developing roots on the three key stages were investigated in detail, include of the �brous root control
(SUPPL1). Our observation particularly focused on the plasmodesmata among phloem sieve elements
(SEs), CCs and PCs (Fig. 2). It was shown that a mass of plasmodesmata was observed between the SEs
and CCs (Fig. 2A-C), the SE-CC complex and PCs (Fig. 2D) and between PCs (Fig. 2G-I) during the three
key developmental stages. However, plasmodesmata were rarely observed in �brous roots, particularly
between the SE-CC complex and PCs (Table 2). In the expanding SEs, one SE was always accompanied
by two middle or late stage CCs (Fig. 2E), and the majority of the plasmodesmata were branched (Fig. 2A-
D). However, the plasmodesmata were almost always simple between PCs (Fig. 2G-I). Thick-walled SEs
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sometimes emerged during the late stage of development (Fig. 2F) in the lacked pore-plasmodesmata
units (PPUs) connected to CCs or PCs (SUPPL2). The plasmodesmata (PD) density in cross sections
containing several cell types was calculated (Table 2). PD numbers among the three type cells of storage
root shown increased trend in three developmental stages but were very few observed in �brous roots,
especially in the PFR, which mostly presented at the interface between SE–CC complex. The number of
PD increased at the interface between two adjacent PCs than those between other interfaces, even in the
SFR with limited starch storing capacity. The ultrastructure of the phloem and the distribution of
plasmodesmata between the SE-CC, SE-CC complex and PCs, and adjacent PCs in the developing storage
root indicate the predominance of symplasmic transport and communication characteristics of cassava.

Table 2
Plasmodesmata density in the cell walls of SE-CC and PC cells in the late storage and �brous roots of

cultivated Arg7 cassava
Plasmodesmal density (Number per µm)

SE-CC SE-CC/PC PC/PC

Primary �brous root 0.013 ± 0.021 0.007 ± 0.019 0.030 ± 0.032

Secondary �brous root 0.008 ± 0.007 0.001 ± 0.001 0.049 ± 0.022

Elongation stage of tuberous root 0.033 ± 0.026 0.022 ± 0.015 0.095 ± 0.023

Middle stage of storage root 0.040 ± 0.024 0.027 ± 0.018 0.147 ± 0.035

Later stage of storage root 0.032 ± 0.025 0.021 ± 0.021 0.100 ± 0.065

Plasmodesmata were counted on �ve scopes that selected from six ultrathin sections for each
sample, and the value above was the means ± SE (individuals).

Carboxy�uorescein (CF)and [ 14 C] Suc rapid lateral diffusion Strongly Supported the Predominance of
Symplasmic Phloem Unloading in Developing Storage Root

Upon entering the cells,the membrane-permeable Non-�uorescent 6(5)-carboxy�uorescein diacetate
(CFDA) was degraded to 6(5) carboxy�uorescein (CF), which is a membrane-impermeable �uorescent
dye. CF is often used as a �uorescent marker of phloem transport and symplasmic phloem unloading
[11]. In this study, it was injected into the stem near ground of cassava plants at early middle and later
developing stage, After 72 h the CF green �uorescence signals were detected immediately in the roots
underground at the three stages by microsection. It is shown that CF molecules were extensively spread
into the phloem (SPH) and xylem (SXY) regions of storage root at the three developmental stages
(Fig. 3A-I) contrary to the control (Fig. 3A1-F1), and the highest density CF predominantly appeared in
middle stage (Fig. 3D-F, K). On the contrary, the CFs were restrictedly released along the cortex but not
appeared in primary phloem (PPH) and primary xylem (PXY) in the primary �brous root (PFR) (Fig. 3J).
There have no distribution of CF green �uorescence in the PFR with 405 nm excitation wave (Fig. 3J1)
and its bright-�eld microscopy (Fig. 3J2). This CF tracing experiment clearly illustrated that there are
channels allow CFs with the molecules of similar as sucrose path through the cell membrane driving fast
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spreading among the parenchyma cells of xylem in storage root especially at the middle developing
stage. We further utilized [14C] Suc trace to inspect the diffusion strength difference of the sucrose
molecules marked among three developing stages. The [14C] Suc was fed to the upper stem of the plants,
after 72 h, we investigated their distribution and density in roots underground at the three stages
(Fig. 3M). It is shown that[14C] Suc accumulated immediately in the phloem and xylem tissue of the
developing storage root. [14C] Suc signal is more stronger in the storage root at middle stages, than later
stage, and the signal in early stage is very weak. This sucrose unloading trend in root of the three key
developmental stages conform to its demanding of growth and biomass accumulation character of
cassava plant (Fig. 1A), The fast unloading and dynamic change of sucrose traced by[14C] Suc, and the
existence of symplasm space identi�ed by the CF transportation powerfully supported it is true that a
symplasmic phloem unloading pathway exists in the storage roots of cassava.

Differential expression level of genes involved in Post-Phloem Transport and their relevant activity of
enzyme proteins further supported the Symplasmic Unloading in Cassava Storage Root

It is already identi�ed that the sucrose molecules will be decomposed immediately by sucrose synthase
(SuSy) following symplasmic unloading, or by invertase (INV) link to apoplasmic unloading. And the
sucrose transporter (SUTs)is the master of apoplasmic transport of sucrose [10, 24]. We compared the
expression level of genes for SUTs, SuSy and the cell wall acid invertase (CWI) and their enzyme protein
level in leaves, different root types and storage roots at three developing stages.

SuSy highly expressed in the storage roots of three developing stages, but less expressed in primary
�brous root (PFR) and secondary �brous root (SFR) (Fig. 4A), whereas CWI expression was higher in the
PFR and SFR than in the storage root at three developmental stages (Fig. 4B). SuSy genes include of
SuSy1, SuSy3 and SuSy4 were highly more expressed than CWI and SUT in storage root at three
developmental stages (Fig. 4C). Even SUTs were expressed in storage roots (Fig. 4C), though its members
SUTs,SUT1, SUT2 and SUT4 much higher expressed in leaves, except for the early developmental stage
of �brous roots (Fig. 4D). The protein expression level of SuSy, CWI and SAI in different roots and key
developing stages of storage root were measured by Western blot analysis (Fig. 4E). The expressed
protein level of SuSy in storage root of early, middle and later stage was signi�cantly higher than in PFR
and SFR, whereas CWI protein was remarkable lower in the storage roots of three stages than in PFR and
SFR inversely. The SAI protein quantity was consistently low and no apparent change among the tested
root types. The enzymic activities were very consistent with their protein levels, CWI was signi�cantly
active in PFR and SFR, but later was replace by SuSy in storage root (Fig. 4F).The quantization results
above show that the highly expression of SuSy and lower expression of SUTs, CWI in developing storage
root but adversely expressed in primary �brous root and second �brous root all are identi�cations of there
are a sucrose symplasmic unloading pathway in storage root of cassava, and it developed from the
primary �brous root at early stage of cassava plant growth.

An immunogold labelling assay revealed that CWI molecules, a biomarker of apoplasmic transport of
sucrose were enrichment in early �brous root but not in the developing storage root. The CWI proteins
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labelled appeared predominantly on the cell walls between SEs and PCs, CCs and PCs, and SEs to CCs
(Fig. 5A-D) of primary �brous root (PFR). However, the CWI proteins were very few found in the cell wall
spaces between CCs and PCs,SEs and CCs and between PCs and PCs (Fig. 5E-H) in the storage root at
the middle or late developmental stage. No CWI molecules were observed in any control without
antiserum or preimmune serum (data not shown), indicating that the antiserum was highly speci�c, and
nonspeci�c labelling was negligible. In summary, it also supported that a predominantly symplasmic
phloem unloading pathway exists in the developing storage root of cassava.

Discussion
Cassava (Manihot esculenta Crantz) known as one of three the most important tube and root crops, a
typical tropical crop with high potential of starch accumulation. It owns high photosynthesis capacity
with intermediate photosynthetic characteristics of C3 to C4. It means large amount of carbohydrates will
drive the transportation from the sources to the underground sink. But an accession W14 of wild ancestor
species with very low starch yielding expressed much less plasmodesmata in storage root (unpublished
data). Patrick and O�er [25] found that predominant symplasmic unloading is associated with a great
transport capacity and a low resistance. Plasmodesmata provide symplasmic continuity between most
adjacent cells in higher plants and thus substantially contribute to phloem unloading into the sink tissues
[26]. Our research identi�ed that the number of plasmodesmata increased with the expansion of storage
root, the branched plasmodesmata mainly found between SEs and CCs, and simple plasmodesmata
being space between PCs and accounted for the majority of the phloem unloading cells. The simple
plasmodesmata are ‘open’, whereas the branched plasmodesmata are associated with low conductivity
[5, 27]. The cell walls thickened during the late stage of cassava storage root (Fig. 2.G), but minimal
change was observed on the amount of plasmodesmata during the storage stage. This is different from
that in apple [28] and jujube fruit [17], wherein the channel of plasmodesmata was blocked during the
shift of the unloading pathway.

Unquestionable, the storage root is develops from a special �brous root in cassava with somehow
conditions [22]. This change the underground root as nutrient sink along with deeply structuration. And
the energy cost apoplasmic unloading will be replaced of the more effective symplasmic unloading.
Sucrose is the dominant photosynthate in cassava phloem exudates, and carbohydrate, mainly starch, is
rapidly accumulated during the early and middle developing stages of the cassava storage root and
slows down during the late developing stage. Which are different from �eshy fruits, wherein a high
concentration of soluble sugars accumulates rely on apoplasmic phloem unloading [10, 16, 29]. In other
tuber or root crops, such as potato [11], carrot [30] and radish [31] to be found there are switches from
apoplasmic unloading to symplasmic unloading during the development of the swelling roots. Thus, a
similar switch occurs in cassava from the �brous root to the storage root, and the switch node may be a
critical developmental checkpoint for cassava storage root.

Actually how degrade or remove sucrose from the intracellular space immediately, this post unloading
event is extremely important for the no concentration gradient symplasmic transport of sucrose. The



Page 8/25

SuSy responsible for sucrose converted into glucose and fructose, is signi�cantly correlated with the
symplasmic phloem unloading and driving sucrose transfer into starch, cellulose and lignin accumulated
in the sink organs [13, 15, 32], it is taken for biomarker of storage sink capacity [33–35]. It is SuSy that
not CWI or SAI identi�ed in expression and protein level maintained high concentrations in storage root at
early,middle and later developing stage of cassava plants. This feature also was found in kiwifruit and
apple [19, 36]. On the contrary, the SUTs, key players of apoplasmic transport of sucrose, much higher
expressed in leave of all three developing stages and �brous roots than in middle and later stage of
storage root of cassava plants. It seems there is predominant apoplasmic loading model in leave of
cassava. That already has been investigated in another doctoral thesis by us. For sucrose unloading in
root, the SUTs dependent positive unloading play much more role in the primary �brous root and second
�brous root than in the storage root, that is different from the sucrose unloading in nutrient organ of
grape berry, jujube fruit and Camelia. oleifera fruit[16, 17]. Cell wall bound invertase (CWI), who catalyze
the irreversible conversion of sucrose into glucose and fructose links with phloem apoplasmic transport.
The CWI was strictly located in the dormant apical bud while it is symplastically isolated from the tuber in
potato [11]. In cassava, we found CWI obviously less expressed in storage roots than in �brous roots, and
there is process of plasmodesmata formation in the primary structure of root. So, it is inferred that the
cambium of primary storage root may also be symplastically isolated in cassava, then functionally
connected to the symplast in parenchyma at the onset of differentiation. After that, the increasing
plasmodesmata connected to the pericycle cells. Reports in Arabidopsis stated that CF and free green
�uorescent protein (GFP) could symplasmically unload from the transport phloem into the cells of the
root cortex and epidermis [37, 38], we also found CF were restricted to the endodermis in primary �brous
root (Fig. 3J). Soluble acid invertase(SAI) is another sucrose dissociation enzyme that is localised in the
vacuole, participates in the decomposition of sucrose in side of cells, especially in soluble sugar
accumulating sinks as sugarcane and fruits [12]. In this study, SAI exhibited a lower level and minimal
change in root of different developing stages of cassava. The unloading pathway is linked to
concentration differences in total soluble sugars between source and sink cells [15]. As in cassava,the
high levels of soluble sugars could increase turgor pressure, and the steepness of the turgor gradient is
the driving force for symplasmic phloem unloading by means of bulk �ow through plasmodesmata. [2,
39]. This phenomenon is generally ensured by the subcellular compartmentalisation of sucrose in sink
cells and the utilisation of imported metabolites for the production of high-molecular-weight storage
compounds or for cell growth [1, 4]. The stronger correlation between expression level of genes involved
in symplasmic unloading to dry matter yielding of cassava cultivars con�rmed this symplasmic
unloading system evoluted in storage root is essential for high potential starch accumulation in cassava.

Conclusions
Based on the results presented above, we summarized a hypothesis for sucrose symplasmic unloading
model in cassava shown in Fig. 6:

(1) There are increasing in numbers of plasmodesmata between SE–CC and PC of storage root in
development of cultivated cassava. It allows sucrose, the main form of photosynthates are e�ciently
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unloaded into parenchyma cells in storage root. (2) This symplasmic unloading process initiates a
breakpoint from the primary �brous root to storage root, there is a shift from apoplasmic unloading to
symplasmic phloem unloading following the forming of plasmodesmata. (3) The post phloem unloading
events, stronger SuSy not CWI or SAI activity responsible for sucrose degradation and biosynthesis of
starch, and dominant gene sets involved in formation of plasmodesmata supported the propose link to
high yield potential of cassava.

Methods
Plant Materials

Cassava cultivars (Manihot esculenta Crantz) Arg7 and Ku50, and W14 (Manihot esculenta ssp.
Flabellifolia ), a wild ancestor of cassava were used in this study. W14 was donated by CIAT, KU50 came
from Argentina and ARG7 came from Royal Agricultural University of Thailand, all of materials were
introduced and identi�ed by tropical crops genetic resources institute of Chinese Academy of Tropical
Agriculture Sciences (CATAS), and deposited as MS000581, MS000124 and MS000580 respectively in
variety resource bed of tropical crops genetic resources institute, CATAS.

Arg7 and Ku50 are cultivated varieties with high storage root yield and about 30% starch content in its
storage root; W14 expressed 2–5 fold lower storage root yield and less than 5% starch content in the
storage root. Comparison of the biological indexes between cultivars and the wild ancestor indicated the
underlying features of the modern cultivar. They were planted in green house at early March 2015 with
enough plants. The biomass, microstructure, sampling for several experiments were treated in the early
stage (60 DAPE) involves the forming and elongation of the cassava storage root, middle stage (180
DAPE) involves storage root expansion and rapid accumulation of starch and later stage (270 DAPE)
involves storage root approaching top weight or the highest dense starch. All original data collected from
three plants with an average value for each genotype.

CF and [14C]Suc tracing
CFDA labelling was performed as described previously [9, 16]. The CFDA solution was introduced into the
stem near ground of cassava plants. A cotton thread immersed in a tube at one end and with the other
end passing through the phloem zone of the stem base of the storage root. This method was selected
due to its high-speed of transport and reliability. After 40 min, the plants were labelled with approximately
500 µl of 1 mg.ml− 1 CFDA aqueous solution (prepared from a stock solution in acetone). The tubes were
packaged in silver paper to avoid dye loss and �uorescence quenching under sunlight, and the CF was
allowed to translocate for 72 h (which was selected after a time gradient experiment) with approximately
1000–2000 µl of 1 mg.ml− 1 CFDA aqueous solution as the storage root development. The sink tissues
underground was subsequently sectioned and examined for CF �uorescence using CLSM (FV1000,
Olympus, Japan). Samples were scanned using an excitation wave of 350–600 nm, and the strongest
�uorescence peak was observed at 488 nm excitated by CF,
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the strongest auto�uorescence of cassava root was appeared at 405 nm. We scanned every section
using a 405 nm and 488 nm excitation wave to determine the distribution of auto�uorescence and the
green �uorescence of CF.

Sucrose was labelled with 14C isotope under experimental condition. The [14C]Suc was injected into the
upper stem with the same method as CFDA. After 48 and 72 hours,the storage roots were sampled and
made para�n sections. Freehand sections were gently compressed and autoradiographed in cassettes
using Kodak (XBT-1) at 4 °C for 30 d. The distribution of [14C]Suc in the storage roots was detected by
[14C]-autoradiography.

Measurement of Plasmodesmal Density
Plasmodesmal density was measured as described by [40] as used in a previous study[17]. Five serial
sections of two orientations (transverse and longitudinal) of ultrathin sections were prepared from Spurr-
in�ltrated samples; each group comprised sections located approximately 20 µm apart. From each group,
six ultrathin sections were selected at random and placed on copper grids (100-mesh). Five scopes (each
consisting of phloem and the surrounding PCs) were observed from each ultrathin section for
transmission electron microscope (TEM). Plasmodesmata were counted at all cell interfaces (i.e. the
interfaces between SEs and CCs, SEs and PCs, CCs and PCs and PCs and PCs; PCs include phloem
parenchyma and xylem storage parenchyma cells) in each selected �eld. The results of the
plasmodesmal counting are shown as the number of plasmodesmata per micron of speci�c cell/cell
interface length per transverse section, which is referred to as plasmodesmal density (no. of
plasmodesmata. µm− 1); half plasmodesmata were counted as one.

Histochemical Analysis and Ultrastructural Observation
Antibodies against CWI, SAI and SuSy were generated against polypeptides by the ComWin Biotech Co.,
Ltd. (China). The gene sequences of CWI were obtained from Phytozome V12.1 (http://www.
Phytozome.com), and we selected three isoforms of this enzyme that were expressed in cassava roots
(four developmental stages), they were CWI-1, CWI-2 and CWI-5. The former two isoforms with the same
amino acids have the partial sequence QPYRTSYHFQPPK, whereas the latter has the speci�c sequence
DPKQRQVQNYAVPK. The isoform speci�c amino acid partial sequence of SAI was QKGSEQTFPSRE,
which was generously provided by Dr. Zhang Peng (Institute of Plant Physiology, Shanghai Institutes for
Biological Sciences, Chinese Academy of Sciences) and was proven to be highly and speci�cally
expressed in cassava root. The sequence of SuSy, which was also highly expressed in cassava root, was
generously provided by Dr. Luiz (EMBRAPA genetic resources and biotechnology, Brasilia, DF, Brazil). Its
Genebank number is AAV74405.1, and the speci�c sequence of this isoform is RRKESKDLEEXA (basic
information of these genes is shown in Table 3).
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Table 3
Basic information of the cassava genes of sucrose synthase, cell wall invertase and sucrose transporters

Gene JGI ID

v6.1

Location Transcript

(bp)

CDS

(bp)

Protein

(aa)

SuSy1 Manes.03G044400 Chr03:3583270..3588587
reverse

2752 2421 806

SuSy2 Manes.03G198900 Chr03:28057541..28064463
reverse

2598* 2241 746

SuSy3 Manes.01G221900 Chr01:30850003..30857026
reverse

2867 2436 811

SuSy4 Manes.16G090600 Chr16:24754130..24759053
forward

2750 2421 806

SuSy5 Manes.02G081500 Chr02:6080529..6085146
reverse

2881 2526 841

SuSy6 Manes.14G107800 Chr14:8748090..8752577
forward

3026 2739 912

SuSy7 Manes.01G123800 Chr01:24140021..24144607
reverse

2783 2526 841

CWI1 Manes.03G049200.1 Chr03:4223184..4226988
forward

2401 1779 592

CWI2 Manes.08G027200.1 Chr08:2431570..2433947
forward

1851 1719 572

CWI3 Manes.11G025400.1 Chr11:2236114..2240122
reverse

2079 1767 588

CWI4 Manes.04G140500.1 Chr04:26727894..26729547
forward

1369 1278 425

CWI5 Manes.008G027200.1 Chr08:2431570..2433947
forward

1851 1719 572

CWI6 Manes.0009G053500.1 Chr09:7064243..7068843
reverse

1719 1719 572

SUT1-
1

Manes.18G099400.1 Chr18:8603890..8607266
forward

2193 1785 594

SUT1-
2

Manes.02G190300.1 Chr02:15510673..15513298
forward

2189 1542 513

SUT4-
1

Manes.18G054200.1 Chr18:4548075..4559586
forward

3720 1497 498

SUT4-
2

Manes.05G186600.1 Chr05:25724747..25733136
forward

3144 1491 496
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Gene JGI ID

v6.1

Location Transcript

(bp)

CDS

(bp)

Protein

(aa)

SUT2-
2

Manes.05G099000.1 Chr05:8333636..8347861
reverse

3028 1827 608

Ultrathin sections were prepared essentially as follows: the storage roots were cut into small cubes
(approximately 2 mm3) that were immediately �xed with 4% (v/v) glutaraldehyde in 100 mM precooled
phosphate buffer (pH 7.4) over 4 h at 4 °C. The penetration of the glutaraldehyde buffer was improved
manually by using a syringe. After an extensive rinse with the precooled phosphate buffer (pH 7.4), the
tissue cubes were post�xed in 1% (w/v) OsO4 for 1–2 h and shaken several times during this period.
Following another extensive rinse with the same buffer, the samples were dehydrated through a graded
ethanol series (50–100%). Propylene oxide was used to displace the spur epoxy resin and then in�ltrated
it for 24 h at room temperature. Polymerisation was conducted at 70 °C for 8 h. These sections
(approximately 80 nm in thickness) were mounted on 100-mesh copper grids or nickel coated with 0.25%
Formvar �lm for ultrastructural observation using a JEM 2100 TEM.

Sections prepared from para�n-embedded tissues were used for histological structure observations. The
small cubes (2–3 cm3) of cassava storage root was immediately �xed with formalin–acetic acid–
alcohol (FAA) �xation for 36 h at room temperature and dehydrated through a series of graded ethanol
(80–100%). The following transparent was processed by n-butyl alcohol with three times and embedding
using para�n for 12 h at 60 °C-65 °C.

Immunogold Labelling
Immunogold labelling was conducted as described by [16]. Brie�y, ultrathin sections were prepared as
described above except they were �xed with 4% glutaraldehyde. The sections were �rst incubated with
rabbit antiserum speci�c for SAI, CWI or SUT prepared as described above and then incubated with a
secondary antibody (goat anti-rabbit IgG antibody conjugated to 10 nm gold). Finally, the sections were
double-stained with uranyl acetate and alkaline lead citrate and examined with a JEM-2100 TEM. The
speci�city and reliability of the immunogold-labelling experiments were veri�ed using two negative
controls. In the �rst negative control, the antiserum was omitted to test for the potential nonspeci�c
labelling by the goat anti-rabbit IgG antibody-gold conjugate. In the second negative control, the rabbit
preimmune serum was used instead of the rabbit antiserum prior to immunogold labelling to determine
the speci�city of the anti-serum. At least three replicates of the control experiments were performed for
each sample.

Extraction of mRNA, Determination of Its Levels and
Enzymatic Activity and Western Blotting Analysis
Total RNA from cassava roots was extracted using RNAplant plus Reagent (TIANGEN, China). Primers for
SuSy, CWI and SAI were designed based on the sequences described above, and amplicons were detected
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using a real-time quantitative PCR cycler (Rotor-Gene6000, QIAGEN, German). β-actin was used as the
reference gene.

Enzyme extraction and assays of SAI or CWI activity were performed as described previously [41]. Brie�y,
the extraction buffer A medium was composed of 150 mM Tris-HCl (pH 8.0), 2 mM ethylenediamine tetra
acetic acid, 10 mM MgCl2, 0.2% (v/v)-mercaptoethanol, 0.1 mM phenylmethyl sulfonyl �uoride, 1 mM
benzamidine, 10 mM ascorbic acid and 3% (w/v) polyvinylpolypyrrolidone. The slurry was passed
through four layers of cheesecloth. The �ltrate was centrifuged at 16,000 g for 20 min, and the
supernatant was used for the SAI assays. The residue, which was used to prepare CWI, was rinsed with
the same buffer without polyvinylpolypyrrolidone until the e�uent was free of protein. From this material,
CWI was extracted in buffer A supplemented with 0.5 M NaCl with gentle shaking for 24 h. After
centrifugation, the supernatant was used for the CWI enzymatic assays. All extraction procedures were
performed at 4 °C. SAI activity was assayed using soluble and insoluble fractions, and each assay
contain 0.3 ml of 100 mM sodium acetate buffer (pH 4.8), 0.1 ml of 100 mM sucrose and 0.1 ml of
enzyme sample as described by [42].

The enzymatic extraction and assays of SuSy activity were performed as described by [43]. Brie�y, frozen
root tissues were ground in 5 ml of medium containing 50 mM HEPES buffer (pH 7.0), 10 mM 2-
mercaptoethanol, 2% polyvinylpolypyrrolidone, 1% polyvinylpyrrolidone, 1 mM EDTA and 10 mM MgCl2.
Next, 0.1 ml of this desalted extract was added to 0.9 ml of reaction medium composed of 25 mM
HEPES-NaOH buffer (pH 6.5), 125 mM sucrose, 15 mM MgCl2 and 2 mM UDP. The enzymatic activity in
the direction of the sucrose cleavage was assayed at 28 °C in the presence of sucrose. The reducing
sugars produced were assayed using the 3, 5-dinitrosalicylic acid-based method described by [44].

Proteins were extracted according to Miron and Schaffer [45]. The extraction buffer consisted of 100 mM
Tris-HCl (pH 8.9), 250 mM sucrose, 10 mM MgCl2, 5 mM vitamin C and 3.5% crosslinking
polyvingypyrrolidone. (NH4)2SO4 was used to precipitate CWI, SAI and SuSy proteins, and protein
concentrations were determined using the Bradford [46] method with bovine serum albumin as a
standard. SDS-PAGE and immunoblotting assays were performed as described by Pan [41], with some
modi�cations. After electrophoretic transfer from the polyacrylamide gels, the nitrocellulose membranes
were blocked and incubated overnight at 4 °C in the antiserum speci�c to SAI (1:4000), CWI (1:2000) and
SuSy (1:5000), which were diluted with Tris-buffered saline (TBS: 10 mM Tris-HCl, 150 mM NaCl) + 0.05%
Tween20 + 3% bovine serum albumin (BSA). The membranes were then washed in TBS with Tween 20
(TBST: 10 mM Tris-HCl, 150 mM NaCl + 0.05% Tween20) for three times, incubated for 45 min at room
temperature with goat anti-rabbit IgG-alkaline phosphatase conjugate, diluted 1000 times with TBST2

(50 mM Tris-Hcl, 150 mM NaCl + 0.1% Tween20 + 1% BSA) and then used as secondary antibody. After
being washed three times in TBST2 and TBS, these membranes were stained with BCIP/NBT Kit (ComWin
Biotech Co., Ltd, China). β-actin was used as a reference.

Collection and Analysis of Phloem Exudates
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Abbreviations

Phloem exudates were collected from the stems of 60-day-old seedlings as described by King and
Zeevaart [47]. The stem was cut near the base, washed with ultrapure water, and inserted into a solution
of 20 mM EDTA (pH 7.5). The detached plant was kept in darkness at 30 °C and 95% humidity for 1 to 2 h
and then transferred to ultrapure water for collection for 4–5 h. Phloem exudates were lyophilised and
stored at − 80 °C. The sucrose, glucose, fructose, sorbitol, stachyose and ra�nose contents of the
exudates were examined by using HPLC with evaporative light scattering detector (ELSD). The samples
were analysed in 10 µl increments with water amide (xBridge 3.5 µm, 4.6 mm × 150 mm, USA); the mobile
phase was 70% (v/v) acetonitrile and 0.1%(v/v) ammonium hydroxide; �ow rate: 1 ml min− 1; temperature:
25 °C; drift tube temperature: 85 °C; nitrogen �ow rate: 2.0 l min− 1; gain value: 2.

Transcriptome Sequencing and Annotation
Ten RNA libraries from developing leaves and storage roots of KU50, Arg7 and W14 plants were
sequenced using the Illumina High-Seq 2000 system with approximately 100 bp reads. After pre-
processing, the mRNA sequence reads from 10 samples were mapped to the draft genome sequences of
AM560-2. Approximately 20,000 UniGenes were annotated. The genes involved in the development of the
all RNA-seq reads of 10 samples were uploaded in NCBI SRA with the following accession numbers:
SRX551093, SRX553797, SRX553799, SRX553800, SRX553801, SRX553802, SRX553803, SRX553804,
SRX553805, and SRX553807.

Chemicals
Sucrose, glucose, fructose, sorbitol, stachyose, and ra�nose were purchased from TCI (Japan). Protein
ladder (Fermentas, Canada), SYBR Premix ExTaq (TaKaRa, Bio Inc., Japan), the ReverAid �rst-strand
cDNA synthesis kit (Fermentas, Canada), and glutaraldehyde (TED, PELLA Inc., USA) were obtained from
the indicated suppliers; all other chemicals were purchased from Sigma (USA).

Appendix A. Supplementary data

Supplementary data associated with this article can be found in the online version

abbreviations:

CF, carboxy�uorescein; CC, companion cells; CFDA, Non�uorescent 6(5) carboxy�uorescein diacetate;
CLSM, Confocal laser scanning microscopy; CW, cell wall; CWI, cell wall acid invertase; DAPE, days after
plant emergence; GFP, green �uorescent protein; HT, hexose transporter; NI, neutral invertase; SAI, Soluble
acid invertase; SEL, size exclusion limit; SE, sieve element; SFR, secondary �brous root; SuSy, sucrose
synthase; SUT, sucrose transporters; PC, parenchyma cells; PD, plasmodesmata; PFR, primary �brous root;
PPH, primary phloem; PPUs, pore-plasmodesmata units; S, starch granule; SDS-PAGE, sodium dodecyl
sulfate polyacrylamide gel electrophoresis; TBS, Tris-buffered saline; TBST, Tris-buffered saline with
Tween 20; TEM, Transmission electron microscopy; UDPG, Uridine Diphosphate Glucose; V, vacuole; Suc,
sucrose; Glc, glucose; Fru, fructose; CATAS, Chinese Academy of Tropical Agriculture Sciences
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CF, carboxy�uorescein; CC, companion cells; CFDA, Non�uorescent 6(5) carboxyfluorescein diacetate;
CLSM, Confocal laser scanning microscopy; CW, cell wall; CWI, cell wall acid invertase; DAPE, days after
plant emergence; GFP, green �uorescent protein; HT, hexose transporter; NI, neutral invertase; SAI, Soluble
acid invertase; SEL, size exclusion limit; SE, sieve element; SFR, secondary �brous root; SuSy, sucrose
synthase; SUT, sucrose transporters; PC, parenchyma cells; PD, plasmodesmata; PFR, primary �brous root;
PPH, primary phloem; PPUs, pore-plasmodesmata units; S, starch granule; SDS-PAGE, sodium dodecyl
sulfate polyacrylamide gel electrophoresis; TBS, Tris-buffered saline; TBST, Tris-buffered saline with
Tween 20; TEM, Transmission electron microscopy; UDPG, Uridine Diphosphate Glucose; V, vacuole; Suc,
sucrose; Glc, glucose; Fru, fructose; CATAS, Chinese Academy of Tropical Agriculture Sciences
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Figure 1

The Biomass accumulation, anatomical structure and substance transported in the storage root of
cassava A, The curves of biomass accumulation of cassava storage root in three growth stages. The
value for fresh and dry weight is the mean of three replicates ±SD; B, C, Transverse section anatomy of
the storage root; D, HPLC-ELSD chromatograms of the cassava phloem exudates.
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Figure 2

Ultrastructure of phloem cells in storage roots of cassava shown high dense plasmodesmata A, B, C, SE
and CC cells in the storage root at the early, middle and late stages respectively; B, A partial enlargement
of E; D, plasmodesmata between a PC and adjacent CC cell; E, F, A larger scope in the transverse section
of the phloem cell group in the storage root at the middle and late stages; arrows in F indicated thickened
cell wall; G, H, I, Transverse section of the secondary xylem cells in the storage root, arrows indicated
abundant plasmodesmata between two xylem PCs at the early, middle and late stages respectively. Bars
in A, B, C, D, G, H, I, 0.5 μm; E, 5 μm; F, 10 μm.



Page 22/25

Figure 3

Carboxyfluorescein (CF) and [14C]Suc tracing con�rm a predominantly symplasmic phloem unloading
pathway in cassava A, B, C, early stage root; D, E, F, middle stage root; G, H, I, late stage root; J, primary
�brous root; A-J, under 488nm excitation wave; A1, B1, C1, J2; bright-�eld microscopy; D1, E1, F1, J1,
405nm excitation wave and bright-�eld microscopy; A, D, G, A1, D1, cortex; B, E, H, B1, E1, secondary
phloem; C, F, I, C1, F1, secondary xylem; K, CF �uorescence intensity of different development roots; L, CF
�uorescence intensity of different sampling times; M, The difference of distribution density of [14C] Suc
in cross sections of developmental roots at three stages. Arrows indicate the vascular cambium.
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Figure 4

The expression and their enzymatic activities of genes involved in post phloem unloading in cassava A,
B, Relative expression difference of CWI and SuSy measured by Q-PCR; C, Heat Map Comparisons of
Differential Gene Expression of CWIs, SuSys and SUTs; D The expression pro�ling of SUTs (SUT1, SUT2
and SUT4) in leave and storage roots measured by Q-PCR; E, The expressed protein levels of SuSy, CWI
and soluble acid invertase (SAI) assessed by using immunoblotting, the blot images were cropped,
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uncropped images were uploaded as additional �le; F, Enzymatic Activities of SuSy (triangles), CWI
(squares) and SAI (circles). a, b and c denote differentially signi�cant level at P<0.05.

Figure 5

Sub-cellular location of CWI presented its enrichment in early �brous root using immunogold particle
labelling A-D, Immunogold labelling of CWI in primary �brous root with an antibody directed against
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cassava acid invertases. E-G, Immunogold labelling of CWI in storage root with an antibody directed
against cassava acid invertases. Bars A,2 μm; E, 10 μm; B, C, D, F, G, H: 200 nm.

Figure 6

A model for sucrose symplasmic phloem unloading in the storage root of cassava Long-distance
transported sucrose (SUC) in the SE enters into the CC and PC predominantly through plasmod-esmata
(PD), with except of a few SUC that are transported by SUTs. These SUC molecules are primarily catab-
olized by SuSy into fructose and nucleoside diphosphate-glucose (UDPG), which enter starch synthesis in
the amyloplast. Occasionally, SUC can be stored temporarily in vacuoles by SUT or HT in a hexose form.
This structured energy-saving model accounts for the highly e�cient starch accumulation observed in
cassava storage roots.
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