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Abstract

Cassava storage roots contain large amounts of starch and low amounts of cellulose and lignin. However, the relationship
between lignification with cellulose and starch accumulation during storage root development is not well understood. In the
present study, the dynamic changes in starch, lignin, and cellulose contents as well as in root diameter, enzyme activities,
and histochemical staining in the storage roots of six cassava varieties at different growth stages were assessed. The results
revealed a negative correlation between the biosynthetic carbon allocation of starch and lignin (r= —0.780, p <0.0001) and
that of starch and cellulose (r= —0.873, p <0.0001). Early and rapid formation of vascular tissue resulted in an increase in
starch content in the six varieties and a transition of carbon flow from xylem development to starch formation at 100 days
after planting was identified. Vascular vessels, cellulose, and starch exhibited a dynamic balance independent of cassava
varieties. A more rapid decline in starch content was observed with increasing cellulose and lignin contents in high-starch
varieties than that in low-starch varieties. This indicated that the optimal dynamic transition between structural and storage
components during root development facilitates the formation of large amounts of starch in the parenchymal tissue. The fine
regulation of lignification in cassava storage roots provides a potential strategy for breeding starch-rich cassava varieties.
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DAP Days after planting

CTAB Cetyltrimethylammonium bromide Cassava, commonly known as manioc (Manihot esculenta
UDPG Uridine diphosphate glucose Crantz), is the sixth most cultivated food crop worldwide,
UGPase UDPG pyrophosphorylase consumed by over 800 million people in tropical and sub-
CAD Cinnamyl alcohol dehydrogenase tropical regions (El-Sharkawy 2004; Maxmen 2019). Its
C4H Cinnamate 4-hydroxylase storage roots contain large amounts of starch, which can
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PCA Principal component analysis animal feed, medicine, cosmetic formulations, paper, degra-

dable plastics, and biofuels (Jansson et al. 2009; Zhang et al.
2017). In China, cassava is an important energy crop for
the production of fuel ethanol and the annual net energy
surplus of cassava-based fuel ethanol is equivalent to 92.9
billion MJ (Jiang et al. 2019). Recently, increasing attention
has been paid to the breeding of specific cassava varieties,
such as those with edible fresh roots, enhanced nutrient com-
54 Xianwei Fan position, modified starch profiles, and improved processing
fanxw @gxu.edu.cn properties (Zhang et al. 2017; Bull et al. 2018). However, to
improve cassava yields and facilitate the breeding of starch-
: ) . ) rich varieties, it is necessary to gain a better understanding

of Subtropical Agro-Bioresources, College of Life Science . .. .
and Technology, Guangxi University, 100 Daxue Road, 9f the gfen.etlc variations among the main starch-accumulat-

Nanning 530004, Guangxi, China 1ng varieties.

Handling Author: Heather Nonhebel.

State Key Laboratory for Conservation and Utilization

@ Springer


http://orcid.org/0000-0001-6644-2029
http://crossmark.crossref.org/dialog/?doi=10.1007/s00344-022-10573-w&domain=pdf

Journal of Plant Growth Regulation (2023) 42:658-669

659

In cassava, the storage roots originate from swelling of the
primary roots via secondary growth during the early stage
of development. In cassava storage roots, the transition of
carbon flow from lignin and cellulose biosynthesis to starch
formation commences when the roots receive swelling sig-
nals, for example, from phytohormones (6-benzylaminopu-
rine and 1-naphthaleneacetic acid) and specific regulatory
genes (Sojikul et al. 2015; Siebers et al. 2017). Numerous
omics studies have revealed differences in the initiation of
the formation of fibrous and storage roots in cassava based
on transcriptome and proteome data and have enabled the
identification of a series of candidate genes for storage root
development, including MeWOX4.1, MeWOX4.2, MeKDS3,
MeKDS82, MeKD106, MeKD154, and MeAGL20 (Sheffield
et al. 2006; Sojikul et al. 2010, 2015; Siebers et al. 2017).
However, the prolonged growth period of cassava and natu-
ral variations among its varieties hinder the characterization
of starch formation and “omics” analyses during storage root
development.

The storage root is the major harvestable part of cas-
sava, with starch typically accounting for 16.6-34% of
its fresh weight, depending on the cassava variety (Bud-
dhakulsomsiri et al. 2018). The formation and expansion of
storage roots in cassava are dependent on high-efficiency
leaf photosynthesis, apoplastic phloem carbohydrate load-
ing in the source leaves, unhindered stem transportation,
and a symplastic phloem unloading system (Li et al. 2016;
Mehdi et al. 2019; De Souza et al. 2020). Storage roots
are primarily composed of three main parts: outer layer
or phelloderm, parenchyma, and central vascular bundle.
Lignin, cellulose, and hemicellulose are the major com-
ponents of secondary cell walls, the deposition of which
forms vascular tissues which transport water and nutrients.
Although cassava storage roots have a high-starch content,
their marginal lignin and cellulose contents, which con-
tribute to the strength of their vascular bundles, reduce the
fresh taste and processing performance of cassava stor-
age roots. A recent study showed that the downregulation
of fiber formation and lignification was associated with
higher starch accumulation during storage root bulking in

Table 1 Origin and characteristics of the six cassava varieties

sweet potato (Singh et al. 2021). However, the relation-
ship between starch accumulation and cell development in
cassava storage roots has not been fully elucidated to date.
The present study aimed to clarify the dynamic changes in
starch, cellulose, and lignin formation during storage root
development in six cassava varieties as well as to describe
the coordination among these three components.

Materials and Methods
Experimental Design and Plot Management

Our field experiments were carried out at the Novel Sta-
tion of Subtropical Agriculture in Guangxi, Guangxi Uni-
versity (107° 45" E, 22° 9" N, altitude 78 m) in the period
from March 2019 to January 2020. The experimental site
has a typical subtropical monsoon climate, with an annual
rainfall of 1222 mm, mean temperature of 21.9 °C, and
sunshine duration of 1550.5 h. Six farmer-preferred cas-
sava varieties were used in this study: two landraces from
China with a low-starch content (SC124 and SC16), one
high-starch and one low-starch variety from Thailand
(KUS50 and R3, respectively), and one high-starch and one
moderate-starch variety from Latin America (Arg7 and
16P, respectively). The year of their release in China and
the main features of all varieties are listed in Table 1. The
performances of the storage roots of these six varieties
were evaluated via a completely randomized experimen-
tal design with four replicates. In each plot (36 m?), the
cassava varieties were planted in four rows (row length of
10 m, row spacing of 1.2 m). Uniform cuttings of healthy
cassava stems (20 cm in length) were used as seed stakes
and a total of 8,333 cuttings per hectare were planted verti-
cally on the ridges. Fertilizer was applied prior to planting
(128 kg N, 120 kg P, and 15 kg K per hectare) and uni-
form storage root samples were harvested for physiologi-
cal analyses (at 68, 100, 130, 160, 191, 211, and 245 days
after planting [DAP]) using a destructive method.

Variety Year of release (China) Main features Country of origin References

SC124 1979-1980 Low starch, high yield China Huang and Li (2007)

Rayong (R3) 2008 Low starch, high yield Thailand Qin et al. (2016)

SC16 2019 Low starch China Landrace

16P 2003 Moderate starch Colombia Ye et al. (2017)

Kasetsart University 50 1992 High starch, high yield Thailand Sriroth et al. (1999);
(KU50) Huang and Li

(2007)
Arg7 1983 High starch Argentina CIAT database
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Measurement of Storage Root Growth
and Development

Assay of Starch and Soluble Sugar Contents in Storage
Roots

The outer layer (peel) of fresh storage roots was carefully
removed using a scalpel and an inner tissue (including the
parenchyma and central vascular tissue) sample of 10 g was
oven-dried at 65 °C to a constant weight. The dried tissues
were powdered using a mortar and pestle and passed through
a 60-mesh sieve (0.250-mm pore size). Subsequently, 20 mg
of the sieved tissues were mixed with 8 mL of 2 M KOH and
reacted for 20 min in an 85 °C water bath. After the reaction,
the mix was immediately cooled to 25 °C, diluted to 25 mL
with sterilized deionized water, and adjusted to pH 3.0 with
2 M HCI. The diluted substance (4 mL) was reacted with
1 mL of 1% KI-0.1% I, solution for 15 min at 25 °C. The
reaction solution was used to determine the starch content
as described by Cheng et al. (2018).

A 20 mg sample of the sieved tissue was mixed with 5 mL
of 80% ethanol to extract soluble sugars for 24 h at 25 °C
and 100 pL of the extracted solution was transferred into
a 5 mL centrifuge tube with 3 mL of an anthrone solution
and then incubated in a boiling water bath for 15 min. The
absorbance of the cooled reaction solution was measured
at 620 nm. Soluble sugars were calculated using a standard
curve, as described by Li (2005).

Determination of Cellulose and Lignin Contents in Storage
Roots

A 0.5 g sample of the powdered dry tissue (S in the equa-
tion below), including the parenchyma and central vascu-
lar cylinder, was accurately weighed into a 100 mL flask,
to which 50 mL of 2% cetyltrimethylammonium bromide
(CTAB; 20 g CTAB dissolved in 1 L of sulfuric acid) and
1 mL of decahydronaphthalene was added. The solution
was heated to boiling on an electric stove and allowed to
boil for 60 min. Thereafter, the mixture was filtered repeat-
edly by suction filtration and rinsed with hot water (90-100
°C) until the pH of the filtrate was neutral. The residue was
then decolorized with a small volume of acetone until it was
colorless. The decolorized residue was dried at 65 °C for
12 h, cooled to room temperature (25 °C) in a desiccator, and
weighed (W1). Acid-insoluble lignin and other ashes (W2)
were then isolated using 72% sulfuric acid following the
methods described by Van Soest (1963). The final cellulose
content is determined using the following formula:

Percentage cellulose = (W1 — W2)/S X 100%.

@ Springer

The lignin content in storage roots was determined using
a modified Klason method, as previously described by Liu
et al. (2018). The oven-dried samples (0.5 g) were added
to a 10 mL tube with 5 mL of 72% H,SO, at 25 °C for 2 h.
The reaction solution was diluted in 3% H,SO, with deion-
ized water and then heated at 121 °C for 1 h in an autoclave
(Hirayama, Hirayama Manufacturing Co., Japan). The reac-
tion mixture was filtered, and the residue was dried at 65 °C
for 12 h. The acid-insoluble lignin content was determined
gravimetrically.

Enzyme Assays

After peeling off the outer layer, a freshly frozen storage
root segment (0.2 g) was ground to a fine powder in liquid
N, using a mortar and pestle. A crude enzyme solution was
prepared by homogenizing the powder in 5 mL of the assay
buffer containing 10 mM of Tris—HCI (pH 8.0), 10 mM of
MgCl,, 2 mM of ethylenediaminetetraacetic acid, 50 mM
of f-mercaptoethanol, 0.05% of Triton X-100, and 5% of
polyvinylpyrrolidone. The homogenate was centrifuged at
12,000 g for 5 min at 4 °C. In a microplate, a 25 pL aliquot
of the obtained supernatant was mixed with 475 pL of the
reaction buffer (containing 2.16 mL of H,0, 2.4 mL of the
assay buffer, 720 pL of 20 mM NADP™, 240 pL of 50 mM
uridine diphosphate glucose [UDPG], 240 pL of glucose-
6-phosphate dehydrogenase [G6PDH], and 240 pL of phos-
phoglucomutase) for 10 s on a plate shaker. The microplate
was then placed in a spectrophotometer (BioTek Instruments,
Inc., Winooski, VT, USA) to determine the absorbance at
340 nm at 30-s intervals. The activity of UDPG pyrophos-
phorylase (UGPase; EC 2.7.7.9) was calculated following
the method described by Ménard et al. (2014).

Cinnamyl alcohol dehydrogenase (CAD) activity was
determined based on the oxidation of coniferyl alcohol, as
described by Wyrambik and Grisebach (1975), with slight
modifications. In brief, freshly frozen samples (200 mg)
were homogenized with 2 mL of the extraction buffer (pH
7.3) and the extract was centrifuged at 12,000xg for 5 min
at 4 °C. A 200 pL aliquot of the obtained supernatant was
mixed with 800 pL of the reaction buffer (100 pmol of
coniferyl alcohol, 100 pmol of 50 mM NADP?*, and 100 mM
of Tris—HCI pH 8.9) and incubated for 10 min. The reac-
tion was terminated by adding 100 pL of 6 M HCI, and
the absorbance of the solution was measured at 340 nm to
determine CAD activity.

Cinnamate 4-hydroxylase (C4H; E.C. 1.14.13.11) activ-
ity was determined as described by Kumar et al. (2013).
Fresh root samples (0.2 g) were homogenized with a mor-
tar and pestle in 2 mL of the extraction buffer containing
50 mM of Tris—HCL (pH 7.5), 15 mM of 2-mercaptoetha-
nol, 4 mM of magnesium chloride, 5 mM of ascorbic acid,
1 mM of phenylmethanesulfonyl fluoride, 0.15% w/v of



Journal of Plant Growth Regulation (2023) 42:658-669

661

polyvinylpyrrolidone, 10% of glycerol, and 10 mM of leu-
peptin and the homogenate was centrifuged at 12,000xg for
10 min at 4 °C. The supernatants were used as a source of
crude enzyme for the C4H assay. Each supernatant (400 pL)
was mixed with 2.4 mL of the reaction solution (containing
10 pM of trans-cinnamic acid, 50 mM of Tris—HCI [pH 7.5],
and 10 pM of NADPH]), the mixture was incubated at 28
°C for 30 min, and the reaction was terminated by adding
100 pL of 6 M HCI. The mixture was then centrifuged at
12,000xg for 10 min. Subsequently, the pH of the superna-
tant adjusted to pH 11.0 by adding 1.0 N of NaOH and its
absorbance was recorded at 340 nm. All components with-
out substrate were considered the control. One unit of C4H
activity was expressed as an absorbance change of 0.01 per
hour and the activity was expressed as U/g fresh weight/h.

Safranin O and Fast Green FCF Staining

The storage root samples were cut into pieces and fixed
in formalin:acetic acid:alcohol, as described by Liu et al.
(2018). The fixed tissues were sectioned to a thickness of
20 pm and affixed to glass slides for subsequent staining.
To examine lignification, the sections were stained with 1%
Safranin O solution for 12 h, after which the excess stain was
rapidly washed off with distilled water. To observe starch
accumulation, the tissue sections were counterstained with
a conventional I, (2%)—KI (1%) solution for 5 min following
a previously described method (Li et al. 2016). Excess stain
was removed by washing with distilled water. Fast Green
FCF staining was also performed to visualize cellulose fol-
lowing the method described by Liu et al. (2018).

To assay the dynamic alteration in lignin during the devel-
opment of storage roots, the samples were cross-sectioned
into 5-7 mm-thick sheets using a sharp scalpel, stained 2%
(w/v) phloroglucinol for 10 min and then soaked in 18% HCI
for 5 min. The surfaces of the cross-sections were washed
with distilled water to remove impurities, after which they
were directly photographed using an EOS 750D camera
(Canon, Tokyo, Japan).

Statistical Analysis

Differences in starch, lignin, cellulose, and soluble sugar
contents, storage root diameter, and enzyme activities
among the six cassava varieties at different growth stages
were determined using analysis of variance (ANOVA). All
data were evaluated using two-way ANOVA, and means
were compared by Duncan’s multiple range tests at p=0.05
using SPSS 13 (SPSS, Chicago, IL, USA). Data are shown
as means =+ standard deviations. The regression line of starch
with lignin and cellulose contents was examined in EXCEL
2016 and a curve of starch accumulation was fitted to the
logarithmic function [y =a X In(x)—5] of the progression

of the developmental period. Correlation analysis of starch
accumulation with cellulose and lignin contents was per-
formed using SPSS 13. Origin 9.5 (OriginLab, Northamp-
ton, MA, USA) was used for drawing the figures and per-
forming principal component analysis (PCA).

Results

Starch Accumulation During Storage Root
Development

The storage root diameters of all six cassava varieties were
greater than 0.5 cm at 68 DAP and at 100 DAP, and the
roots of SC124 (3.12 cm), R3 (2.7 cm), and SC16 (3.5 cm)
had diameters larger than those of 16P (1.84 cm), KU50
(2.59 cm), and Arg7 (1.71 cm; Fig. 1a), suggesting a rapid
expansion rate of storage roots in the early development
stages (from 68 to 100 DAP) of cassava. In the period from
100 to 191 DAP, the varieties SC124 and KU50 showed
rapid storage root growth up to 6.95 cm and 7.26 cm, respec-
tively. From 191 to 245 DAP, the storage root diameters
in three varieties, namely, SC124, R3, and SC16, were
observed to increase by 0.27, 0.19, and 0.55 cm. Conversely,
the root diameter of Arg7, KU50, and 16P exhibited a high
growth rate, increasing by 1.17, 0.82, and 0.89 cm, respec-
tively, across 54 days (in the period from 191 to 245 DAP;
Fig. 1a).

Compared with the other varieties, SC124 showed the
highest starch accumulation (238.3 mg g~! of dry weight
(DW) at 68 DAP), although in the period from 68 to 100
DAP, starch accumulation in this variety was slower and rel-
atively delayed compared to that in the other varieties (16P,
KUS50, and Arg7). In Arg7, starch accumulation reached the
maximum level at 211 DAP (586.1 mg g~') and was main-
tained at this level until maturity (at 245 DAP). Compared
with the other five varieties, R3 showed delayed starch accu-
mulation at 130 DAP (336.5 mg g~'; Fig. 1b).

Changes in Polysaccharide Content During Storage
Root Development

In all cassava varieties, the cellulose content in storage roots
decreased as the plants grew (Fig. 2a). By 100 DAP, all the
varieties showed substantial reduction in cellulose content
(30.5-60.0%), except for R3, whereas a substantial reduction
of 60% in R3 occurred at 130 DAP. In SC124, a substantial
reduction in cellulose content by 38% and 57% was observed
at 100 and 191 DAP, respectively, whereas the cellulose con-
tent in KUS50 and Arg7 decreased at a steady rate after 100
DAP (Fig. 2a).

Throughout the growth period, the lignin content in
SC124 and R3 was higher than that in KU50 and Arg7.
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It tended to decline from 149.4 to 2.7 mg g~! DW over
time in all varieties, with the largest reduction (75-91%)
observed between 100 and 130 DAP (Fig. 2b). Upon the
onset of low-temperature conditions, the increase in lignin
content was observed at 191 DAP (Fig. S1), which sug-
gests that starch accumulation was more rapid than lignin
biosynthesis in storage roots in the period from 100 to 191
DAP (nearly mature period of storage roots) under suitable
temperature conditions (> 20 °C).

Notable differences in the total soluble sugar content
were observed among the six cassava varieties and it
changed dynamically with the progression of the devel-
opmental period. Throughout the growth period, the sugar
content was higher in KU50 and Arg7 than in SC124,
except at 160 and 245 DAP. However, all varieties except
for R3 showed an initial decrease in sugar content during
the early stage of development as well as at 211 and 245
DAP (Fig. 2c); this was consistent with the sharp decrease
in minimum temperature and maximum levels of tempera-
ture difference after 191 DAP (Fig. S1). In the period of
68-100 DAP, the sugar content in R3 increased, which

Fig.3 Changes in the activity of

may be related to the relatively slow conversion of sugar
into starch (Figs. 1b and 2c).

Activity of Enzymes Involved in Cellulose and Lignin
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Histochemical Staining of Cassava Roots

During cassava root development, the percentage of starch
granules increased, whereas the cellulose content decreased
in all six varieties. At the early stage of root development,
the starch content was the highest in SC124 among all six
varieties, whereas at maturity, the root systems of Arg7 and
KUS50 had a high-starch content (Fig. 4).

Lignin stains were more abundant in SC124 and R3 than
in the other varieties at the early development stages of 68
and 100 DAP (Fig. 5), which was consistent with the results
of the lignin assay (Fig. 2b). However, the phloroglucinol
stain showed the tendency of increasing lignin content over
time in all varieties, especially in 16P/SC16 at 160 and 191
DAP (Fig. 5). This lignin accumulation tendency seemed
to be consistent with the C4H activity over time (Fig. 3b).
However, no correlation was observed between lignin con-
tent and C4H activity (r=0.023, p>0.05).

Model of Starch Accumulation in Storage Roots

The data obtained for starch accumulation in storage roots
were fitted using a logarithmic function increase model,
which showed a good fit for all varieties (R* > 0.9; Fig. 6a).
Notably, starch content in Arg7 showed a sharp increase

with the progress of root growth, whereas that in SC124
showed a more gradual increase. In addition, starch accu-
mulation in cassava storage roots was negatively correlated
with lignin content (r= —0.780, p <0.0001) and cellulose
content (r= —0.873, p<0.0001; Fig. 6b, c). Moreover, the
equations for high-starch varieties indicated that their regres-
sion efficiency (slope) was greater than that for low-starch
varieties (Fig. 6d).

PCA Results

In the present study, six cassava varieties and seven devel-
opmental phases were assessed and from 2019 to 2020, nine
traits related to cassava root structural components (lignin
and cellulose), starch accumulation (starch and total sugar
contents), phenotype (peel thickness and parenchyma diam-
eter), and key enzyme activities (UGPase, CAD, and C4H)
were investigated. To determine the relationships among
the trait variables underlying trait variations, PCA was per-
formed for all nine traits. The results showed that the first
principal component (PC1) explained 63.8% of the trait vari-
ance (Fig. 7a). Starch content, parenchyma diameter, and
peel thickness showed high-positive loading on PC1 (0.31
to 0.38), whereas cellulose content, lignin content, and
UGPase activity showed negative loading (—0.34 to —0.38;

R3 | SC16

68 DAP

130 DAP
160 DAP
191 DAP
211 DAP

245 DAP

Fig.4 Results of the combined histochemical staining of starch, cel-
lulose, and lignin. Combined staining was performed on transverse
sections of storage roots of the six cassava varieties obtained at dif-
ferent stages of the growth cycle. Starch was stained brown with KI/

@ Springer

‘ 16P KU50 | Arg7

I, (indicated by solid arrowhead), cellulose was stained blue with Fast
Green FCF (indicated by arrowhead), and xylem vessels (lignin) were
stained red with Safranin O solution (indicated by solid arrow). Scale
bar=100 pm. DAP days after planting (Color figure online)
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68DAP

100DAP

130DAP

160DAP

191DAP

211DAP

245DAP

Fig.5 Microscopic observation of lignification. Cassava storage roots
at different stages of development were stained with phloroglucinol
HCI to visualize lignin (scattered purple). The stained sections were

Fig. 7a, b). These results indicated that starch content and
parenchyma diameter were distributed on the side of the
scale opposite to that of cellulose and lignin contents in
cassava varieties with comparable PC1 scores. These dif-
ferences can be assumed to reflect a trade-off relationship
between starch accumulation and structural components in
the parenchyma tissue. Furthermore, PC2 explained 12.2%
of the total variance, with a high loading for total sugar con-
tent (0.89; Fig. 7a), indicating that PC2 was representative
of the dynamic changes in carbohydrates. PC2 also showed
a moderately high loading (—0.31) with respect to UGPase
activity.

Discussion

During root development, the main function of xylem is
transportation of water and nutrient components through
the plant (Mehdi et al. 2019). However, the question of how
the dynamic changes in lignification and cellulose content
during cassava root swelling affect starch accumulation is
yet to be answered. In the present study, cellulose and lignin
contents were negatively correlated with starch accumula-
tion and the correlation characteristics varied among the
varieties.

16P

observed under a Zeiss Axio Scan microscope (Carl Zeiss, Jena, Ger-
many). Scale bar=5 mm. Each image is one of the three replicates
from each section. DAP days after planting

Expansion Rate of Storage Roots, Lignification,
and Cellulose Accumulation in Cassava

The proliferation and growth of cells involved in the pro-
cess of storage root expansion provide a large space for the
accumulation of starch and other compounds (Fan et al.
2019). Most of our current understanding of starch granule
initiation and formation was obtained from studies on Arabi-
dopsis and cereal species (Seung et al. 2017; Vandromme
et al. 2019), whereas the processes occurring in storage roots
are not well understood. The present study detected large
natural variations in the percentage of lignification and cel-
lulose content among six cassava varieties; these factors are
known to influence starch formation during the early stage
of storage root development. Storage roots of the varieties
SC124 and R3, which are characterized by high lignin and
cellulose contents, showed a rapid rate of expansion during
early development, whereas the varieties with low lignin
and cellulose content (KU50, Arg7, and 16P) had a notably
slower expansion rate of early storage root bulking diam-
eters. These results contradicted the findings showing that an
increase in lignification and fiber formation inhibited storage
root formation in sweet potato (Singh et al. 2019). However,
in the present study, high-cellulose content in cassava roots
was associated with rapid expansion of storage roots with
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prolonged developmental time (100 DAP). Conversely, the
variety Arg7, which had the lowest lignin content among
the six-examined varieties during the entire developmental
period, had a smaller root diameter. In contrast to SC124,
which exhibited an early increase in storage root diameter,
KU50 showed a rapid increase in root bulking diameter in
the period after 130 DAP. Storage root diameter is known to
be one of the most important selection criteria for achiev-
ing a high-cassava fresh yield potential (Ntawuruhunga and
Dixon 2010; Chipeta et al. 2016).

Negative Correlation of Starch Accumulation
with Cellulose and Lignification During Cassava
Storage Root Development

Previous studies have shown that manipulation of the per-
centages of lignin and cellulose deposition in poplar can
improve its metabolic flexibility and provide a growth
advantage (Hu et al. 1999). Recent studies have indicated
that the decrease in lignin content resulted in an increase in
ethanol production, up to 161% in poplar and an improve-
ment in fruit quality traits by controlling stone cell forma-
tion in pear (De Meester et al. 2020; Zhang et al. 2021).
The present study found that natural variation in lignin and
cellulose contents was viable in the storage roots among
the cassava varieties and noted a significant negative cor-
relation between starch accumulation and lignification
(r=-0.780, p<0.0001) as well as between starch accu-
mulation and cellulose content (r= —0.873, p <0.0001) in
the cassava varieties during storage root development. The
development of an ideal vascular tissue (i.e., that with a high
lignin content) can be achieved via a developmental transi-
tion through the formation of vascular cambial cells, which
promote the formation of starch-accumulating parenchyma
cells during the early stages of storage root growth (Firon
et al. 2013; Singh et al. 2019); in the present study, this was
observed in the cassava variety SC124, which is character-
ized by higher starch content and degree of lignification than
those of the other examined varieties. However, lignification
and cellulose content began to decrease with the increase
in starch accumulation after the initiation of starch synthe-
sis, which was consistent with the previous observations in
sweet potato, thereby indicating that the downregulation of
lignin biosynthesis and upregulation of starch biosynthesis
occurred at the early stage of storage root formation (Firon
et al. 2013). In addition, we found that from 68 to 130 DAP,
the change in starch accumulation per unit of lignin was
low in SC124 and R3 and high in KU50, Arg7, and 16P.
There were substantial differences in the dynamic allocation
of carbohydrates (photosynthates) to lignin and cellulose
biosynthesis among the cassava varieties, which possibly
influenced starch accumulation in storage roots. It has been
demonstrated that photosynthesis and carbon allocation

determine the plant carbon flow direction and the rate of
starch synthesis in tuberous roots is strictly associated with
the activities of key enzymes (Obata et al. 2020) but not
with the net photosynthesis rate (De Souza and Long 2018).
However, unless a specific variety with a higher photosyn-
thesis rate was developed, the dynamic changes between
starch accumulation and structural components in the stor-
age roots of currently available cassava varieties will remain
in a steady balance.

Model of High-Starch Accumulation in Cassava
Storage Roots

To study the tendency of starch accumulation among the
cassava varieties, we fitted several nonlinear regression
equations to the data for starch content with regard to the
stages of storage root development. We found that starch
accumulation in cassava storage roots was well fitted to the
logarithmic function [y=a X In(x) — 6]. However, the starch
content during the early stage of storage root development
was not predictive of the starch content at maturity, although
the varieties with moderate-starch contents during the early
stages of development were found to have the potential for
a rapid increase in starch content. We observed an interest-
ing phenomenon: the 6/a ratio of the logarithmic function
in the six varieties ranged from 3.0 to 3.7 and the varieties
with the 6/a value of approximately 3.3 (i.e., Arg7 and KU
50) showed a high rate of starch accumulation and a high
final starch content in their storage roots. This seemed to
be the optimal investment for maximal storage root growth,
indicating higher allocation of carbon to starch formation
during storage root development. In contrast, the varieties
with 6/a#3.3 (i.e., SC124 and R3) were characterized by
a low rate of starch accumulation and a relatively low final
starch content, which indicated a high investment into the
biosynthesis of cellulose and lignin. The PCA results also
indicated a high-positive loading of starch content on PC1,
whereas lignin and cellulose contents showed a negative
loading on PC1. In this regard, the fine regulation of carbon
re-allocation in the inner tissues of storage roots remains to
be elucidated using cassava genomic data and the CRISPR/
Cas9 system.

Regulation of Enzymatic Activity

UGPase is a key enzyme catalyzing the production of UDPG,
which is involved in the formation of sucrose and cell wall
components. In non-photosynthetic tissues, cellulose synthase
associated with sucrose synthase is membrane localized and
preferentially channels energy toward cellulose synthesis using
UDPG as a substrate (Amor et al. 1995). UGPase catalyzes the
formation of UDPG from glucose-1-phosphate and UTP and it
can also reversibly produce glucose-1-phosphate via by UDPG
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degradation. During the cassava storage root expansion stage,
there is a reduction in the activity of UGPase, indicating that
high-UGPase activity during the early stages of root develop-
ment contributes to the formation of structural components
(e.g., cellulose and B-glucan) via the production of UDPG.
Consistently, the results of our PCA of phenotypic and bio-
chemical parameters indicated that UGPase was plotted with
cellulose and lignin contents.

Lignin biosynthesis is required for the activation of a series
of enzymes, such as phenylalanine ammonia lyase, CAD, and
4-Coumarate: CoA ligase, C4H, and hydroxycinnamoyl CoA:
shikimate hydroxycinnamoyl transferase. C4H catalyzes the
p-hydroxylation of trans-cinnamic acid to form p-coumaric
acid in the second step of the phenylpropanoid pathway and
plays a rate-limiting role in carbon allocation (Davin et al.
2008). Results of lignin staining was consistent with C4H
activity; however, no correlation was observed between lignin
content and C4H enzyme activity over time, which was prob-
ably because the accumulation rate of lignin in tuberous roots
was significantly lower than that of starch, which resulted in
a relative decrease in lignin content per unit DW of the root
system. Furthermore, it is known that CAD generally plays
a positive role in the formation of lignin and is involved in
species-dependent cross-talk with other metabolic pathways
(Davin et al. 2008; Ma et al. 2018). In the present study, the
activity of CAD and C4H was low and high during the early
and late stage of storage root development, respectively, which
was in contrast with the pattern of UGPase activity in cassava
roots. These observations indicated that in addition to their
important roles in lignin synthesis, C4H and CAD are also
involved in other metabolic pathways.

An interesting phenomenon was observed in which a
strong increase in soluble sugar content in storage roots
appeared at 211 and 245 DAP, whereas starch accumulation
plateaued at 191 DAP with only small increases thereafter,
with the exception of Arg7. This could be attributed to the
fact that low temperatures lead to a substantial increase in
the sweetness of tuberous roots (Fig. S1), mostly by induc-
ing the sugar metabolism pathway in tuberous roots through
the regulation of key enzymes, such as sucrose synthase and
invertase (Stein and Granot 2019; de Aradjo et al. 2020). We
also found that the accumulation of high levels of soluble
sugars in cassava storage roots increased plant resistance
to low temperatures at 211 and 245 DAP (December 2019
to January 2020, Fig. S1). Compared to the other varieties,
Arg7 showed greater resistance to cold stress.

Conclusion
Our results revealed that the structural components of cas-

sava storage roots (cellulose and lignin) were negatively
correlated with starch accumulation. The dynamic changes
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in the ratio of carbohydrates (photosynthates) to lignin and
cellulose varied among the cassava varieties. Our findings
indicated that early development of lignin contributes to
starch formation, but lower lignin content in the final (har-
vest) stage leads to an increase in starch content, that is,
lower the structural component contents in cassava storage
roots, higher the starch content at the final harvest stage. A
potential strategy was proposed for optimizing the balance
between storage root carbon allocation and starch accumula-
tion through plant breeding.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00344-022-10573-w.
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