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Abstract As a major staple food source in Africa and
other tropical developing countries, cassava (Manihot
esculenta) provides basic sustenance for many subsistence
farmers. However, cassava roots mainly accumulate starch
with limited contribution of other nutrients such as
proteins and vitamins. Also, two viral diseases, cassava
mosaic disease (CMD) and cassava brown streak disease
(CBSD), cause great losses in cassava production in sub-
Saharan Africa and the Indian sub-continent. Genetic
engineering provides promising approaches to improve
nutritional value and increase resistance to viral diseases in
cassava. This report presents several successful case
studies on engineering protein content by overexpression
of nutritious storage proteins and improving cassava
resistance to viral diseases by RNA interference. Perspec-
tives on the sustainable acquisition of new knowledge and
development of biotechnology to solve these bottlenecks
are discussed.
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1 Introduction

Cassava (Manihot esculenta) is considered as a special gift
to African people because it is so easy to grow and tolerant
to poor soil as well as drought conditions, with flexible
harvest time; this makes cassava critical to food security in
Africal'l. Cassava is mainly consumed as a dietary energy
supply by subsistence farmers, who have limited access to
other food sources. However, cassava storage roots mainly
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contain starch, with limited amounts of other nutrients such
as proteins, vitamins and micronutrients'**!. Malnutrition
caused by protein deficiency, termed protein energy
malnutrition (PEM), is more subtle, resulting in kwashior-
kor, a severe protein malnutrition, in children'. PEM
could be easily alleviated by a healthy and diversified
protein diet or even through consumption of protein-rich
cassava. Therefore, enhancing protein content and quality
in cassava would provide significant health benefits to
cassava consumers suffering from protein malnutrition,
and greatly contribute to the fight against PEM-%),

However, there are several other important constraints to
cassava production in Africa. CMD and CBSD have been
reported in many regions of the Africal”®!. Due to the
increasing incidence and prevalence of these viruses over
the last decade, the CMD and CBSD pandemics are
considered the most important cassava diseases in the
African and Indian sub-continents!”). A recent report of Sri
Lanka CMD in Cambodia caused a regional alarm to CMD
pandemics in South Asian countries!'”. Losses due to
CMD and CBSD in Africa were estimated at about 25% of
the total cassava production, representing 34 Mt
annually''!. To reduce the impact of CMD and CBSD
on production, the development of tolerant and resistant
cassava cultivars remains a promising approach, and can
be achieved by hybridization or transgenesist'*'*. With
the current understanding of the pathogens responsible for
CMD and CBSD and their interactions with the host, as
well as the propagation and dynamics of CMD pandemics,
it is possible to implement engineered virus resistance in
cassava using different approaches.

Genetic engineering shows great potential in germplasm
innovation by improving specific traits without changes
in other important characteristics, especially with the
development of genome editing technology. In the
last decade, cassava genetic improvement using
transgenic approaches has yielded significant progress
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worldwide!'*"'*). Farmer-preferred cultivars have been

explored to develop cassava with increased resistance to
viruses and abiotic stress, enhanced nutritional value,
improved starch yield and quality and prolonged shelf life.
The ‘-omics’ tools have led to intensive study of cassava,
focused especially on starchy storage root development,
starch accumulation, health-promoting components (e.g.,
B-carotene), and stress response and regulation!'*'*!. In
this review, we update the recent progress related to
transgenic modification of cassava in protein improvement
and virus resistance. As a vital component of an integrated
breeding system, genetic engineering, together with
functional genomics, proteomics, marker-assisted selec-
tion and traditional hybridization, has greatly enhanced the
efficiency of cassava genetic improvement. Hence, the role
of cassava in food security, commercialization and
bioenergy development can be addressed by strengthening
fundamental research and applied technology.

2 Protein enhancement

2.1 Amino acid profile and identification of cassava
proteins

Cassava storage roots have a low concentration of proteins

(about 1% FW), whose nutritional value is further reduced
by the particularly low concentrations of essential amino
acids (EAA) lysine and leucine as well as the sulfur-
containing EAA (SAA) methionine and cysteine!>'>'],
According to the US Department of Agriculture, a 60 kg
individual should consume at least 4.5 kg cassava storage
roots per day to meet the recommended daily requirements
for all essential amino acids (Fig. D' Based on our
measurement of protein composition of storage roots in
cassava TMS60444, very low concentrations of hydro-
xyproline, cysteine, methionine, tryptophan, tyrosine, and
histidine are found in total protein samples. The major
amino acids are glutamic acid, and aspartic acid, which
have at least twice the concentrations of the remaining
amino acids (Fig.2). It has been demonstrated that
cyanogens provide reduced nitrogen substrates for amino
acid synthesis in cassava roots and, therefore, manipulation
of linamarin metabolism in cassava might elevate root
amino acid pools and promote total protein biosynthesis'®!.
Overexpression of hydroxynitrile lyase, the enzyme that
catalyzes the conversion of acetone cyanohydrin to
cyanide, in cassava roots was reported to increase overall
protein content!®). In fact, efforts to develop high protein
cassava by conventional breeding have also been made by
the investigation of crude protein content in cassava roots
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Fig. 2 A cassava plant of TMS60444 showing its foliage (a), storage roots (b), and the amino acid profile in the storage roots (c)

of different varieties or hybridst'**"). However, since the
selection for high protein depended on the method of N
quantification, these approaches might not reflect the real
protein concentration and only limited success has been
achieved.

Given that cassava storage roots have low protein and
essential amino acid concentrations in comparison with
other root crops, identification of endogenous proteins with
a typical storage function is a challenging objective. Unlike
seed crops, such as wheat and maize, in which various
storage proteins have been identified®'), few native
cassava storage proteins have been described. Although
thousands of proteins have been identified by different
proteomics approaches, only few of them have known
functions, e.g., post-harvest physiological deterioration**!
and carotenoid sequestration**!. Apparently, active
expression of proteins (e.g., membrane proteins) is
essentially related to storage root development®*27],
Different protein profiles were also reported in distinct
cultivars®®l. Proteomic data indicates that a highly
abundant protein in cassava roots (belonging to the heat
shock protein family) may have functions in normal
development and stress response, but not for storage
purposes®*). Unlike potato and sweet potato which
accumulate patatin and sporamin as storage proteins,
respectively, no cassava storage protein has been identi-
fied®”). Furthermore, cassava storage root has not been
reported to have protein bodies.

As an alternative, expression of valuable storage
proteins from other plants appears to be the most practical
strategy to accomplish nutritional biofortification of
cassava storage roots. Transfer and expression of hetero-
logous plant storage proteins has previously been widely
applied for improving protein quality in crop plants®~%,
When choosing a storage protein candidate for improve-
ment of cassava storage root protein, several important
parameters need to be considered, including potential
allergenicity’®'!, nutritional value, stability and storability
in the target tissue. For example, several seed storage
proteins with a particularly high SAA content from acha
(Digitaria exilis) have been used for nutritional enhance-
ment of various cropst®*~*). The sunflower seed albumin is
rich in SAA, and has been used in narrow leafed lupin,
rice endosperm, and chickpea seeds for nutritional
improvement®* 2. In addition, a number of storage
proteins from starch-rich organs have been identified and
might be useful, such as dioscorin, patatin and spora-
min?*!. Sporamin contributes more than 80% of the total
protein content in sweet potato roots. No allergenicity is
known for this protein, thus making it a suitable candidate
for cassava storage roots. Another protein candidate is
dioscorin, which is mainly found in the tuberous storage
organ of yam, contributing more than 80% of its total
protein content. The two subclasses (A and B) of dioscorin
differ mainly in the presence or absence of a single
disulfide bond. The size of dioscorin A and its function as
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storage protein in yam tubers were confirmed recently!”".

Interestingly, dioscorin has antioxidative properties with
radical scavenging activity, equivalent to that of glu-
tathione at similar protein concentrations!*®!. Lysine is the
only limiting amino acid in dioscorin, with an amino acid
score of 0.9. Given that cassava, sweet potato and yam
storage organs show structural similarities, expression of
these valuable proteins in cassava storage roots might be
feasible to increase protein concentration, thus improving
the value of cassava storage roots for alleviation of PEM in
target populations of developing tropical countries.

2.2 Improvement of protein concentration by
overexpression of nutritious storage proteins

Although the above storage proteins have been identified
in plants, most of them have inadequate amino acid
compositions compared to reference proteins from egg,
bovine milk or beef. However, such proteins could
complement human nutritional requirements by
mutagenesis or even through design of novel proteins with
an optimized ratio of EAA. Expression of such nutrition-
improved proteins in crops could provide a safe and
effective means to increase their nutritional valuel!.

We previously expressed an artificial storage protein
(ASP1) in transgenic cassava’”). ASP1 was designed de
novo based on the structure of maize zein protein and
optimized for human EAA requirements (Fig.3). ASP1
was expressed in tobacco leaves at high concentrations,
markedly increasing EAA concentrations!*'), ASPI1
expression is controlled by the constitutive CaMV 35S
promoter, with high expression levels detected in leaves
and storage roots of transgenic cassava lines!*”.. The
expression levels were strongly impacted by the number of
transgene copies in transgenic plants. When single
transgene insertion occurs, all lines showed high levels
of ASP1, as assessed by Northern and Western blot
analyses. Multiple copies in transgenic cassava could result
in transgene silencing!*"’.

In a field assessment of ASP1 transgenic cassava in
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Fig. 3 ASPI protein. (a) Amino acid sequence and conformation; (b) essential amino acid (EAA) composition. Adapted from reference
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Hainan Island, China, six ASP1 transgenic lines showed
phenotypically normal growing. After harvest, four lines
produced excellent storage roots, similar to wild-type
plants; the remaining two lines produced fewer roots.
Protein analysis of the storage roots showed that two lines
with normal storage roots had a 200% increase of protein
concentration (about 3% protein), demonstrating that it
is feasible to improve protein concentration by over-
expression of foreign storage protein genes in cassava.
Amino acid analysis of storage roots revealed altered
amino acid profiles, possibly because ASP1 expression
affected the amino acid metabolism in the roots.

So far, ASP1 expression is the only transgenic approach
reported to successfully increase the nutritional value of
cassava. To increase protein accumulation and deposition
in cassava storage roots, we developed an approach
involving targeting the protein to certain subcellular
organelles using N- or C-terminal signal sequences, instead
of cytosolic accumulation**!. Storage organelles, such as
endoplasmic reticulum (ER), plastid, and vacuole, have
been tested for storage protein accumulation in several
plants, and might provide a sink for storage proteins. This
approach has yet to be tested in cassava, and the most
suitable subcellular localization for an exogenous storage
protein in cassava storage roots still needs to be determined
empirically. We recently confirmed the functionality of
several signal sequences that target proteins to plastids or
vacuoles, or trigger ER retention, in cassava BY2-like
protoplasts (unpublished data), and are presently assessing
whether localization to these compartments may increase
protein levels in cassava storage roots.

Storage proteins can be distributed in various subcellular
compartments. Tuber storage proteins, such as dioscorin,
patatin, and sporamin, usually accumulate in the vacuole,
while dioscorin can occur as protein aggregates in the
cytoplasm[zg]. Sporamin is synthesized in the ER and
transported to vacuoles via a signal sequence. However,
sporamin expression in tobacco shows O-glycosylation of
serine residues, which is different from the native sporamin
of sweet potatol**!. Unlike root and tuber crops, storage
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proteins (prolamins) from cereals, such as maize, rice, and
sorghum, are able to form new compartments attached to
the ER called protein bodies. The unique characteristic of
prolamins is the cysteine-rich region, which forms
disulfide bridges and sequentially creates a large insoluble
protein granule. The advantage of protein bodies is that
they require only the ER protein folding machinery,
reducing cellular energy during protein trafficking!**), Zein
18 a maize prolamin that has been extensively studied; with
27 kDa, y-zein is the main subunit essential to initiate the
formation of protein bodies!**). The expression of a-zein in
tobacco seed endosperms led to weakly accumulated and
unstable protein bodies, but co-expression with y-zein
prevented protein bodies from degradation*®). These
findings also suggest that protein bodies from monocots
can also be formed in dicots. It could be useful to
investigate whether protein body formation can enhance
storage protein content in cassava roots.

As mentioned above, sporamin is a suitable candidate
cassava storage protein, although protein compartmentali-
zation and modification also need to be considered. Given
that cassava is starch-rich and cassava protein trafficking to
vacuoles is poorly understood, we targeted sporamin to
plastids and the latter were found to bind starch granules
(unpublished data). Starch binding domains (SBD) are a
non-catalytic protein domain found in starch and glycogen
metabolism enzymes; they help protein attach to the
insoluble surface of starch granules. SBD have been used
for protein modification, affinity purification and starch
bioengineering. It was reported that expression of tandem
repeat SBD in amylose-free potato results in higher protein
accumulation and altered starch granule size!*”). Therefore,
we hypothesized that SBD fusion is able to mediate
sporamin binding with cassava starch, enhancing protein
deposition. We generated transgenic cassava plants, and
high sporamin expression was detected in leaves of plants
grown in vitro. Fusion of sporamin to green fluorescent
protein confirmed its localization in plastids of cassava
guard cells (unpublished data). However, performance of
transgenic cassava plants in the field remains to be
assessed.

3 RNA-mediated strategies for increased
resistance to cassava mosaic viruses

The RNA-based silencing mechanism against viruses is an
efficient and robust method for engineering virus resis-
tance traits*®). Technologies, such as antisense, dsSRNA,
and miRNA, have been developed to inhibit both RNA and
DNA virus replication and accumulation in model plants as
well as economically important crops'*”l. We developed
cassava mosaic virus (CMV) resistant transgenic cassava
using both antisense and dsRNA technologies!'?,
providing alternatives to CMV resistant cassava plants in

the field (Fig. 4). Currently two sources of CMD resistance
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have been recognized: CMD-1 (a polygenic source
originated from an interspecific hybrid clone 58308 with
Manihot glaziovii Mull. Arg)®”! and CMD-2 (a dominant
gene identified in the Nigerian landrace TMEB3)"°"1. This
reflects the limited genetic base for dominant resistance in
cassava and, therefore, it is critical to diversify the
resistance sources to ensure durability using transgenesis,
especially in farmer-preferred cultivars®®?.

3.1 In vitro replication assay for cassava geminiviruses

To study resistance to CMV in cassava, it is important to
develop a reproducible protocol for a transient replication
of cloned African cassava mosaic virus (ACMV). Using
particle bombardment-mediated DNA delivery of cloned
ACMV that originates from West Kenya ACMV isolate
844 (ACMV-KE), we established a transient viral replica-
tion assay in cassava leaf disks'>*). To distinguish between
the input DNA (methylated by DNA adenine methyltrans-
ferase) and de movo synthesized viral DNA (non-
methylated), methylation-sensitive restriction enzymes
were used. The conditions for efficient ACMYV replication
have been optimized, including media, pre-culture and
post-culture treatments and best time for replication
analysis. This technology proved very useful for screening
various cassava cultivars for CMD resistance as well as
analyzing virus replication in transgenic cassava engi-
neered for geminivirus resistance.

3.2 Expression of ACMYV antisense genes for virus
resistance in cassava

ACMV encodes three key viral proteins, including
replication-associated protein (Rep), replication enhancer
protein (REn) and viral transcriptional activator protein
(TrAP), which are critical for efficient viral replication,
gene activation and silencing/suppression”®*. Inhibiting
the expression of these genes by antisense interference
should allow cassava plants to inhibit viral replication. We
have successfully produced transgenic cassava plants
resistant to CMV by expressing ACMV Rep, TrAP or
REn antisense RNAs under the constitutive CaMV 35S
promoter®. To ensure efficient expression of antisense
RNA, we used an improved expression strategy by
inserting the full coding sequences of Rep, REn and
TrAP, separately, in antisense orientation into the 3’
untranslated region of the hygromycin phosphotransferase
gene. This linkage to the selectable marker increases the
probability of asRNA being produced in regenerated
transformants, thus increasing the likelihood of success
while reducing the workload associated with handling,
regeneration, and analysis of transformants lacking the
gene of interest.

Among the dozens of transgenic cassava plant lines,
several resistant ones were produced for each construct.
ACMV infection analysis confirmed that a high level of
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Fig. 4 Evaluation of cassava plants resistance to cassava mosaic virus (CMV). (a) The field-grown cassava plants resistant or susceptible

to CMV; (b) transgenic cassava expressing ACMV AC1 gene-targeted siRNA showed increased resistance to CMV compared to the wild
type.

resistance was achieved in some cases under medium to
high viral pressure (Fig.4). These findings suggest that
introduction of geminivirus resistance by antisense RNA is
not restricted to targeting Rep but is also successful with
other viral proteins. In antisense transgenic plants, it is
possible that significant amounts of siRNA are produced
only upon infection, which provides sense RNA to form
dsRNA with antisense molecules. Indeed, Rep-homolo-
gous short RNA could not be detected prior infection in
Rep-antisense transgenic cassava plants’>). This indicated
that antisense molecules are efficient in conferring
geminivirus resistance per se. ACMYV resistance does not
derive from a sequence-specific silencing mechanism
initiated against the overproduction of antisense Rep
RNA, as attested by the high levels of antisense RNAs
expression in resistant transgenic cassava lines.

Bejarano and Lichtenstein suggested that the antisense
approach might face limitations, when elaborating resis-
tance to a mixture of cassava mosaic geminivirus
speciest®®. For example, ACMV and East African cassava
mosaic virus (EACMV) Rep sequences share high
homology only in short stretches. These regions of scarce
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homology might not be sufficient to maintain silencing of
both ACMV and EACMYV Rep sequences. Nevertheless, it
remains unclear where antisense RNA molecules enter the
silencing pathways. Antisense technology improvement
for multiple targets sharing low sequence homology would
require further study of the mechanism behind the
antisense approach.

3.3 Expression of dSRNA homologous to the ACMV
bidirectional promoter

Transcriptional gene silencing correlated with increased
viral promoter methylation provides another approach to
engineering virus resistance in plants. Methylation of
geminivirus-derived transgene promoters could be
triggered upon tomato leaf curl virus infection””). Pooggin
et al. demonstrated recovery of geminivirus Vigna mungo
yellow mosaic virus infected Vigna mungo plants by
bombarding them with RNA interference (RNAi) con-
structs expressing dsSRNA homologous to the DNA A viral
promoter sequence®. We also demonstrated that replica-
tion of ACMV DNA A can be impaired in leaf disks from
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transgenic cassava plants expressing dsSRNA homologous
to the ACMV DNA A promoter'®”). Furthermore,
transgenic cassava lines expressing ACMV promoter-
homologous hairpin dsRNA showed an enhanced recovery
phenotype upon ACMYV infection. Notably, we also
detected a similar pattern of ACMV promoter-derived
short RNAs in wild-type cassava plants upon ACMV
infection!®®). Generation and function of these promoter-
derived RNAs remain to be determined, but their structures
would permit integration in multiple silencing complexes
and pathways. Since the conserved shared region located
inside the promoter region is highly homologous between
the A and B genomic components (>90%), the short
RNAs could potentially direct the modification of both
ACMYV promoters. As the promoter region of cassava
geminiviruses is not highly conserved, such approach
might not be a successful wide-spectrum virus resistance
strategy.

3.4 Expression of dsRNA homologous to viral coding
sequences

Expression of dsRNA homologous to viral coding
sequences was shown to be an effective technology for
engineering RNA and DNA virus resistance in plants. The
siRNA generated from hairpin dsSRNA homologous to
viral coding sequences would enter at least two pathways:
(1) they could direct modification of DNA and histone
complexes at homologous DNA sequences in the nucleus;
(2) the siRNA can also potentially impede viral infection
through virus induced gene silencing!®’l. Indeed, siRNA
accumulation in CMV-infected cassava confirmed the
existence of an RNAi pathway as a natural defense
mechanism against geminiviruses in cassaval®,

We recently produced transgenic cassava expressing
hairpin dsRNA homologous to the conserved regions of
ACMV Rep and AVI coding sequences!®’. Several
transgenic plant lines expressing high levels of short
RNA homologous to Rep or AV1 were resistant to ACMV
infection under high viral pressure. Importantly, resistance
was strongly correlated with high siRNA expression in
transgenic cassava.

Since Rep and the coat protein have highly conserved
regions among different cassava geminiviruses, we believe
that targeting such sequences by siRNA via hairpin dsSRNA
expression should confer cassava wide-spectrum resis-
tance. In Africa, CMD occurrence is usually a consequence
of mixed cassava geminivirus infection!®”. The RNAi
approach against conserved coding sequences provides a
robust tool against various cassava geminivirus species.
In our infection experiments, complete immunity to
ACMV inoculation was confirmed under high virus load.
Currently, few field experiments for virus resistance have
been reported from collaboration between laboratories and
African partners. The demonstration of the existence of
more small RNA>**) and DNA moleculest®” in cassava

virus infected plants that suppress the expression of key
siRNA and the possibility of mutation of DNA by the
CRSPR/CAS9 system would provide novel approaches for
targeting viral diseases.

As induction of CMD resistance in cassava by RNAi
was successful, engineering resistance to other cassava
viruses, such as cassava brown streak virus (CBSV), is
required. Both CMD and CBSD are considered the major
constraints in cassava cultivation. Therefore, stacking
multiple resistances to both viruses should be plausible
and worthwhile.

4 Conclusions and outlooks

Genetic transformation of cassava has provided a
promising approach to producing more nutritious crops
that are resistant to viral diseases!'*. Through the Bill and
Melinda Gates Foundation supported project “BioCassava
Plus,” scientists from several laboratories have worked
collaboratively to deal with the main constraints related to
the production and utilization of cassava, as staple food in
Africa, attempting to enhance bioavailable levels of zinc,
iron, protein, vitamins A, B6 and E, reducing the amounts
of toxic cyanogenic glycosides, improving post-harvest
durability, and increasing resistance to viral diseases[®!.
Nevertheless, technology transfer to local farmers through
improved cultivars is considered the most important
component of the project, and much effort is being
undertaken through international collaborations, such as
the Root, Tuber and Banana Consortium (http://www.rtb.
cgiar.org).

So far, improvement in cassava protein by cross-
breeding methods, using protein rich genotypes as donors,
has not been feasible due to the loss of the desired traits
after several backcrosses. Therefore, understanding storage
protein metabolism, i.e., its biosynthesis, accumulation and
deposition and degradation, in cassava storage roots might
provide a basis for improving protein content in cassaval”’.
Using exogenous proteins as expression candidates in
cassava storage roots is also important for advancing
knowledge of protein metabolism in cassava storage root
cells.

Although CMYV resistant transgenic cassava is ready for
field studies in Africa, with field experiments in the
pipeline, local institutions, scientists and government
representatives from Africa still need to establish
biosafety guidelines and consider the implementations of
current regulations for handling and using transgenic
cassaval®*®’l The impact to date from cassava genetic
improvement has been exclusively from traditional cross-
breeding approaches. As in other major crops, this is likely
to change in the near future as regulatory agencies develop
rules and policies on transgenic cassava, and the traits
available begin to meet farmer and consumer demands.
Therefore, it is essential to understand and prioritize the
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specific economic traits and biological features of
cassava in order to effectively improve the crop using
biotechnology tools.

Acknowledgements We are grateful to our team members of the Shanghai
Center for Cassava Biotechnology both in ETH Zurich and SIBS who have
contributed to the studies mentioned in the review. Parts of this article are
based on material previously submitted to the book achieving sustainable
cultivation of cassava (ed. Hershey C.) and are reproduced with the
permission of Burleigh Dodds Science Publishing. This work was supported
by grants from the National Key Technology Research and Development
Program of China (2015BADI15B01), the National Natural Science
Foundation of China (31271775), and the Earmarked Fund for China
Agriculture Research System (CARS-12-shzp).

Compliance with ethics guidelines Maliwan Naconsie and Peng Zhang
declare that they have no conflicts of interest or financial conflicts to disclose.

This article is a review and does not contain any studies with human or
animal subjects performed by any of the authors.

References

1. Cock J H. Cassava: a basic energy source in the tropics. Science,
1982, 218(4574): 755-762
2. Gémez G, Noma A T. The amino acid composition of cassava
leaves, foliage, root tissues and whole root chips. Nutrition Reports
International, 1986, 33: 595-599
3. Montagnac J A, Davis C R, Tanumihardjo S A. Nutritional value of
cassava for use as a staple food and recent advances for
improvement. Comprehensive Reviews in Food Science and Food
Safety, 2009, 8(3): 181-194
4. Kamalu B P. Cassava (Manihot esculenta Crantz) in the aetiology of
kwashiorkor. Nutrition Research Reviews, 1993, 6(1): 121-135
5. Stupak M, Vanderschuren H, Gruissem W, Zhang P. Biotechnolo-
gical approaches to cassava protein improvement. Trends in Food
Science & Technology, 2006, 17(12): 634641
6. Sayre R, Beeching J, Cahoon E, Egesi C, Fauquet C, Fellman J,
Fregene M, Gruissem W, Mallowa S, Manary M, Maziya-Dixon B,
Mbanaso A, Schachtman D P, Siritunga D, Taylor N, Vanderschuren
H, Zhang P. The BioCassava Plus Program: biofortification of
cassava for sub-Saharan Africa. Annual Review of Plant Biology,
2011, 62(1): 251-272
7. Legg J P, Thresh J M. Cassava virus diseases in Africa. In:
Proceedings of the First International Conference on Plant
Virology in Sub-Saharan Africa. Nigeria: //TA Publications, 2003,
517-552
8. Patil B L, Legg J P, Kanju E, Fauquet C M. Cassava brown streak
disease: a threat to food security in Africa. Journal of General
Virology, 2015, 96(5): 956968
9. Legg J P, Kumar P L, Makeshkumar T, Tripathi L, Ferguson M,
Kanju E, Ntawuruhunga P, Cuellar W. Chapter four—cassava virus
diseases: biology, epidemiology, and management. Advances in
Virus Research, 2015, 91: 85-142
10. Wang HL, Cui XY, Wang X W, Liu S S, Zhang Z H, Zhou X P.
First report of Sri Lankan cassava mosaic virus infecting cassava in
Cambodia. Plant Disease, 2016, 100(5): 1029
11. LeggJ P, Owor B, Sseruwagi P, Ndunguru J. Cassava mosaic virus

20.

21.

22.

23.

24.

25.

26.

Front. Agr. Sci. Eng. 2016, 3(4): 285-294

disease in East and Central Africa: epidemiology and management
of a regional pandemic. Advances in Virus Research, 2006, 67: 355—
418

. Vanderschuren H, Stupak M, Futterer J, Gruissem W, Zhang P.

Engineering resistance to geminiviruses—review and perspectives.
Plant Biotechnology Journal, 2007, 5(2): 207-220

. Liu J, Zheng Q, Ma Q, Gadidasu K K, Zhang P. Cassava genetic

transformation and its application in breeding. Journal of Integrative
Plant Biology, 2011, 53(7): 552-569

. Zhang P, Ma Q, Naconsie M, Wu X, Zhou W, Yang J. Advances in

genetic modification of cassava. In: Hershey C, ed. Achieving
sustainable cultivation of cassava volume 2-Genetics, breeding,
pests and diseases. Cambridge: Burleigh Dodds Science Publishing,
2017

. Ngudi D D, Kuo Y H, Lambein F. Food safety and amino acid

balance in processed cassava “cossettes”. Journal of Agricultural
and Food Chemistry, 2002, 50(10): 3042-3049

. Yeoh H H, Chew M Y. Protein-content and amino-acid composition

of cassava leaf. Phytochemistry, 1976, 15(11): 1597-1599

. USDA. National nutrient database for standard reference, release 18.

In: Nutrient Data Laboratory Home Page, http://www.nal.usda.gov/
fnic/foodcomp, 2005

. Narayanan N N, Themere U, Ellery C, Sayre R T. Overexpression of

hydroxynitrile lyase in cassava roots elevates protein and free amino
acids while reducing residual cyanogen levels. PLoS One, 2011, 6
(7): €21996

. Bolhuis G G. A survey of some attempts to breed cassava varieties

with a high content of proteins in the roots. Euphytica, 1953, 2(2):
107-112

Ceballos H, Sanchez T, Chavez A L, Iglesias C, Debouck D, Mafla
G, Tohme J. Variation in crude protein content in cassava (Manihot
esculenta Crantz) roots. Journal of Food Composition and Analysis,
2006, 19(6-7): 589-593

Shewry P R, Halford N G. Cereal seed storage proteins: structures,
properties and role in grain utilization. Journal of Experimental
Botany, 2002, 53(370): 947-958

Vanderschuren H, Nyaboga E, Poon J S, Baerenfaller K, Grossmann
J, Hirsch-Hoffmann M, Kirchgessner N, Nanni P, Gruissem W.
Large-scale proteomics of the cassava storage root and identification
of a target gene to reduce postharvest deterioration. Plant Cell, 2014,
26(5): 1913-1924

Carvalho L J C B, Lippolis J, Chen S, de Souza C R B, Vieira E A,
Anderson J V. Characterization of carotenoid-protein complexes
and gene expression analysis associated with carotenoid sequestra-
tion in pigmented cassava (Manihot esculenta Crantz) storage root.
Open Biochemistry Journal, 2012, 6(1): 116-130

Carvalho L J, Agustini M A, Anderson J V, Vieira E A, de Souza C
R, Chen S, Schaal B A, Silva J P. Natural variation in expression of
genes associated with carotenoid biosynthesis and accumulation in
cassava (Manihot esculenta Crantz) storage root. BMC Plant
Biology, 2016, 16(1): 133

Yang J, An D, Zhang P. Expression profiling of cassava storage
roots reveals an active process of glycolysis/gluconeogenesis.
Journal of Integrative Plant Biology, 2011, 53(3): 193-211
Sheffield J, Taylor N, Fauquet C, Chen S. The cassava (Manihot

esculenta Crantz) root proteome: protein identification and



27.

28.

29.

30.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Maliwan NACONSIE et al. Transgenic improvement of cassava

differential expression. Proteomics, 2006, 6(5): 1588—1598
Naconsie M, Lertpanyasampatha M, Viboonjun U, Netrphan S,
Kuwano M, Ogasawara N, Narangajavana J. Cassava root
membrane proteome reveals activities during storage root matura-
tion. Journal of Plant Research, 2016, 129(1): 51-65

Schmitz G J H, de Magalhaes Andrade J, Valle T L, Labate C A, do
Nascimento J R O. Comparative proteome analysis of the tuberous
roots of six cassava (Manihot esculenta) varieties reveals proteins
related to phenotypic traits. Journal of Agricultural and Food
Chemistry, 2016, 64(16): 3293-3301

Shewry P R. Tuber storage proteins. Annals of Botany, 2003, 91(7):
755-769

Mandal S, Mandal R K. Seed storage proteins and approaches for
improvement of their nutritional quality by genetic engineering.
Current Science-Bangalore, 2000, 79(5): 576589

. de Souza C R B, Beezhold D, Carvalho L J C B. Pt2L4 protein, a

homologue to Hev b 5 from rubber tree, may not be responsible for
the cross-reactions to cassava show by people allergic to latex.
Protein and Peptide Letters, 2008, 15(9): 900-902

Delumen B O, Thompson S, Odegard W J. Sulfur amino acid-rich
proteins in acha (Digitaria exilis), a promising underutilized African
cereal. Journal of Agricultural and Food Chemistry, 1993, 41(7):
1045-1047

Jideani I A. Traditional and possible technological uses of Digitaria
exilis (acha) and Digitaria iburua (iburu): a review. Plant Foods for
Human Nutrition, 1999, 54(4): 363-374

Molvig L, Tabe L M, Eggum B O, Moore A E, Craig S, Spencer D,
Higgins T J V. Enhanced methionine levels and increased nutritive
value of seeds of transgenic lupins (Lupinus angustifolius L.)
expressing a sunflower seed albumin gene. Proceedings of the
National Academy of Sciences of the United States of America,
1997, 94(16): 8393-8398

Hagan N D, Upadhyaya N, Tabe L M, Higgins T J. The
redistribution of protein sulfur in transgenic rice expressing a gene
for a foreign, sulfur-rich protein. Plant Journal, 2003, 34(1): 1-11
Islam N, Upadhyaya N M, Campbell P M, Akhurst R, Hagan N,
Higgins T J. Decreased accumulation of glutelin types in rice grains
constitutively expressing a sunflower seed albumin gene. Phyto-
chemistry, 2005, 66(21): 2534-2539

Gaidamashvili M, Ohizumi Y, lijima S, Takayama T, Ogawa T,
Muramoto K. Characterization of the yam tuber storage proteins
from Dioscorea batatas exhibiting unique lectin activities. Journal
of Biological Chemistry, 2004, 279(25): 2602826035

LiuD Z, Lin Y S, Hou W C. Monohydroxamates of aspartic acid
and glutamic acid exhibit antioxidant and angiotensin converting
enzyme inhibitory activities. Journal of Agricultural and Food
Chemistry, 2004, 52(8): 2386-2390

Zhang P, Jaynes J M, Potrykus I, Gruissem W, Puonti-Kaerlas J.
Transfer and expression of an artificial storage protein (ASP1) gene
in cassava (Manihot esculenta Crantz). Transgenic Research, 2003,
12(2): 243-250

Zhang P, Jaynes J M, Potrykus I, Gruissem W, Puonti-Kaerlas J.
Transfer and expression of an artificial storage protein (ASP1) gene
in cassava (Manihot esculenta Crantz): towards improving nutritive
value of storage roots. In: Vasil I K, ed. Plant Biotechnology 2002
and Beyond. The Netherlands: Kluwer Academic Publishers, 2003,

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

293

425-427

Kim J, Cetiner S, Jaynes J] M. Enhancing the nutritional quality of
crop plants: Design, construction and expression of an artificial plant
storage protein gene. In: Bhatnagar D, Cleveland T E, eds.
Molecular approaches to improving food quality and safety. New
York: van Nostrand Reinhold, 1992, 1-36

Stupak M. Improving protein content in cassava storage roots.
Zurich: ETH, 2008, 30152

Matsuoka K, Watanabe N, Nakamura K. O-glycosylation of a
precursor to a sweet potato vacuolar protein, sporamin, expressed in
tobacco cells. Plant Journal, 1995, 8(6): 877-889

Pedrazzini E, Mainieri D, Marrano C A, Vitale A. Where do protein
bodies of cereal seeds come from? Frontiers in Plant Science, 2016,
7: 1139

Holding D R. Recent advances in the study of prolamin storage
protein organization and function. Frontiers in Plant Science, 2014,
5: 276

Coleman C E, Herman E M, Takasaki K, Larkins B A. The maize y-
zein sequesters o-zein and stabilizes its accumulation in protein
bodies of transgenic tobacco endosperm. Plant Cell, 1996, 8(12):
2335-2345

Christiansen C, Abou Hachem M, Janetek S, Vikso-Nielsen A,
Blennow A, Svensson B. The carbohydrate-binding module family
20—diversity, structure, and function. FEBS Journal, 2009, 276
(18): 5006-5029

Pumplin N, Voinnet O. RNA silencing suppression by plant
pathogens: defence, counter-defence and counter-counter-defence.
Nature Reviews Microbiology, 2013, 11(11): 745-760

Galvez L C, Banerjee J, Pinar H, Mitra A. Engineered plant virus
resistance. Plant Science, 2014, 228: 11-25

Hahn S, Terry E, Leuschner K. Breeding cassava for resistance to
cassava mosaic disease. Euphytica, 1980, 29(3): 673—683

Akano A, Dixon A, Mba C, Barrera E, Fregene M. Genetic mapping
of a dominant gene conferring resistance to cassava mosaic disease.
Theoretical and Applied Genetics, 2002, 105(4): 521-525

Ntui V O, Kong K, Khan R S, Igawa T, Janavi G J, Rabindran R,
Nakamura I, Mii M. Resistance to Sri Lankan Cassava Mosaic Virus
(SLCMV) in genetically engineered cassava cv. KU50 through
RNA silencing. PLoS One, 2015, 10(4): e0120551

Zhang P, Gruissem W. Efficient replication of cloned African
cassava mosaic virus in cassava leaf disks. Virus Research, 2003, 92
(1): 47-54

Hanley-Bowdoin L, Bejarano E R, Robertson D, Mansoor S.
Geminiviruses: masters at redirecting and reprogramming plant
processes. Nature Reviews Microbiology, 2013, 11(11): 777-788
Zhang P, Vanderschuren H, Futterer J, Gruissem W. Resistance to
cassava mosaic disease in transgenic cassava expressing antisense
RNAs targeting virus replication genes. Plant Biotechnology
Journal, 2005, 3(4): 385-397

Bejarano E R, Lichtenstein C P. Expression of TGMV antisense
RNA in transgenic tobacco inhibits replication of BCTV but not
ACMV geminiviruses. Plant Molecular Biology, 1994, 24(1): 241—
248

Seemanpillai M, Dry I, Randles J, Rezaian A. Transcriptional
silencing of geminiviral promoter-driven transgenes following
homologous virus infection. Molecular Plant-Microbe Interactions,



294

58.

59.

60.

61.

62.

63.

Front. Agr. Sci. Eng. 2016, 3(4): 285-294

2003, 16(5): 429438

Pooggin M, Shivaprasad P V, Veluthambi K, Hohn T. RNAi
targeting of DNA virus in plants. Nature Biotechnology, 2003, 21
(2): 131-132

Vanderschuren H, Akbergenov R, Pooggin M, Hohn T, Gruissem
W, Zhang P. Transgenic cassava resistance to African cassava
mosaic virus is enhanced by viral DNA-A bidirectional promoter-
derived siRNAs. Plant Molecular Biology, 2007, 64(5): 549-557
Akbergenov R, Si-Ammour A, Blevins T, Amin I, Kutter C,
Vanderschuren H, Zhang P, Gruissem W, Meins F Jr, Hohn T,
Pooggin M M. Molecular characterization of geminivirus-derived
small RNAs in different plant species. Nucleic Acids Research,
2006, 34(2): 462471

Baulcombe D. RNA silencing in plants. Nature, 2004, 431(7006):
356-363

Chellappan P, Vanitharani R, Fauquet C M. Short interfering RNA
accumulation correlates with host recovery in DNA virus-infected
hosts, and gene silencing targets specific viral sequences. Journal of
Virology, 2004, 78(14): 7465-7477

Vanderschuren H, Alder A, Zhang P, Gruissem W. Dose-dependent
RNAi-mediated geminivirus resistance in the tropical root crop
cassava. Plant Molecular Biology, 2009, 70(3): 265272

64.

65.

66.

67.

68.

69.

Legg J P, Fauquet C M. Cassava mosaic geminiviruses in Africa.
Plant Molecular Biology, 2004, 56(4): 585-599

Rogans S J, Allie F, Tirant J] E, Rey M E C. Small RNA and
methylation responses in susceptible and tolerant landraces of
cassava infected with South African cassava mosaic virus. Virus
Research, 2016, 225: 10-22

Ogwok E, Ilyas M, Alicai T, Rey M E C, Taylor N J. Comparative
analysis of virus-derived small RNAs within cassava (Manihot
esculenta Crantz) infected with cassava brown streak viruses. Virus
Research, 2016, 215: 1-11

Ndunguru J, De Leon L, Doyle C D, Sseruwagi P, Plata G, Legg J P,
Thompson G, Tohme J, Aveling T, Ascencio-Ibafiez J T, Hanley-
Bowdoin L. Two novel DNAs that enhance symptoms and
overcome CMD?2 resistance to cassava mosaic disease. Journal of
Virology, 2016, 90(8): 4160-4173

Kent L. What’s the holdup? Addressing constraints to the use of
plant biotechnology in developing countries. AgBioForum, 2004, 7
(1&2): 63-69

Hokanson K E, Ellstrand N C, Dixon A G, Kulembeka H P, Olsen K
M, Raybould A. Risk assessment of gene flow from genetically
engineered virus resistant cassava to wild relatives in Africa: an
expert panel report. Transgenic Research, 2016, 25(1): 71-81



	Outline placeholder
	bmkcit1
	bmkcit2
	bmkcit3
	bmkcit4
	bmkcit5
	bmkcit6
	bmkcit7
	bmkcit8
	bmkcit9
	bmkcit10
	bmkcit11
	bmkcit12
	bmkcit13
	bmkcit14
	bmkcit15
	bmkcit16
	bmkcit17
	bmkcit18
	bmkcit19
	bmkcit20
	bmkcit21
	bmkcit22
	bmkcit23
	bmkcit24
	bmkcit25
	bmkcit26
	bmkcit27
	bmkcit28
	bmkcit29
	bmkcit30
	bmkcit31
	bmkcit32
	bmkcit33
	bmkcit34
	bmkcit35
	bmkcit36
	bmkcit37
	bmkcit38
	bmkcit39
	bmkcit40
	bmkcit41
	bmkcit42
	bmkcit43
	bmkcit44
	bmkcit45
	bmkcit46
	bmkcit47
	bmkcit48
	bmkcit49
	bmkcit50
	bmkcit51
	bmkcit52
	bmkcit53
	bmkcit54
	bmkcit55
	bmkcit56
	bmkcit57
	bmkcit58
	bmkcit59
	bmkcit60
	bmkcit61
	bmkcit62
	bmkcit63
	bmkcit64
	bmkcit65
	bmkcit66
	bmkcit67
	bmkcit68
	bmkcit69


