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Abstract

Protein content in Cassava (Manihot esculenta Crantz) Storage Root (CSR) is low but variable. Detailed
characterization of this variability is missing due to past inappropriate protein quantification procedures. Here we
used conventional protein analytical procedures to access variation in Total Buffer Extractable Proteins (TBEPs)
associated with Cassava Storage Root (CSR) color in landraces from the Amazon (Brazil). TBEPs values varied
according to storage root color from 7.5 (mg/g DWt) in intense yellow landraces to less than 2 (mg/g DWt) in
white CSR, an enhancement of up to 4x were detected in intense yellow compared to white CSR, represent up to
55% more protein in the bulk of CSR. Correlations of total buffer extractable proteins and total carotenoid content
produced R2 values of 0.4757, 0.6849 and 0.8958 depending on the extraction procedure. Protein polymorphisms
were accessed by buffer fraction, carotenoid-protein complex separation in size exclusion chromatography, and
protein size separation in SDS-PAGE profile analysis. Total buffer extractable protein molecular weight varied
from 10 to 260 Kda in chromoplast enriched suspensions, while purified chromoplast carotenoid-protein complex
had specific protein molecular weights of 18 kDa in white CSR, 38 and 43 kDa for yellow CSR, and 23 and 58
kDa in pink CSR phenotypes. Furthermore, of the 143 protein spots observed from purified chromoplasts using
2DE, up to 30 protein spot variations were identified among the four CSR color categories. Furthermore, -carotene
and lycopene were the major carotenoid types present in the carotenoid-protein complexes, which was dependent
on the CSR color phenotype.
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INTRODUCTION

Among the five tubers and root crops considered staple
foods (i.e. potato, sweet potato, cassava, taro and
yam); Cassava Storage Root (CSR) represents 20% of
the world production in tropical regions of the globe.
The bulk of dietary intake for human nutrition provided
by cassava (Manihot esculenta Crantz) includes
carbohydrate (85% dry weight based as starch),
moderate provisions of proVit A carotenoid with large
variation (Guimaraes and Barros, 1971; Ortega Flores,
1991; Marinho et al., 1996; Carvalho et al., 2016) and
very low protein content with ranging from 1% to 2.5%
(dry weight base) depending on cultivars (Yeoh and

Chew, 1977). Detailed characterization of this protein
content variation is missing; mainly due to the lack of
critical information that could be genetically
manipulated. Reliable measurements of true protein
content variation in cassava root spans a range of 1%
to 3.5% on dry weight base (Stupak et al., 2006).
However, none of these observed variations provided
the knowledge needed for genetic manipulation and
enhancement of protein content in CSR. Thus,
recognition of classical storage protein presence in
CSR is needed (Shewry, 2003). Since CSR did not
evolve to be a reproductive organ like grains, cereals
and tubers, this organ does not remobilize nitrogen
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from storage proteins for plant propagation. The
occurrence of vegetative storage proteins in CSR, as
described in leaves of soybean (Wittenbach, 1982), in
tubers and storage roots of potato and sweet potato
(Witshire and Cobb, 1996), and bark of poplar (Zhu and
Coleman, 2001) could be possible. However, attempts
to find storage proteins, of any kind, in CSR have not
been conclusive (Shewry, 2003). A major prolamin type
protein (Pt2L4) from the bulk of the central cylinder of
storage roots has been associated with CSR formation
(de Souza et al., 2006), was identified by antibody that
reacts to allergenic Hev b 5 protein from rubber tree
(de Souza et al., 2008) and allergenic reactions when
CSR is fed to humans (Galvao et al., 2003; Gaspar et
al., 2003; Souza et al., 2008; Souza et al., 2011a;
2011b). However, Pt2L4 has not been tested as a
source of remobilized nitrogen. A major protein of
about 22 kDa has also been found in the peel of the
storage root but no detailed characterization about its
potential role as a store protein has been reported
(Souza et al., 1998). Variation of protein content in
germplasm collections, carried out by several groups,
provided no evidence of relevant variation of reliable
genetic confidence, mainly due to technical
quantification procedures used for obtaining estimates
(Yeoh and Truong, 1996). Consequently, conventional
breeding techniques have not presented evidence for
successful (Bolhuis, 1953) genetic manipulation of
protein content in cassava storage root, which is
mainly due to a lack of variability in the germplasm
collections (CIAT, 2008). The pool of free amino acids
could offer the possibility for genetic manipulation of
protein synthesis and stabilization in roots, but not as a
food nutrient supply. Genetic engineering through
transgenic technology to express heterologous genes
coding for storage proteins from other crops, or
artificial storage proteins, have not produced stable
proteins in cassava storage root (Zhang et al., 2003,
Stupak et al., 2006; Stupak, 2008). This was mainly
resultant from the need for a suitable sub-cellular
localization for the expression and stores the target
proteins (Zhang et al., 2003; Stupak et al., 2006;
Stupak, 2008). Cumulatively, the above observations
dictate the need for a revisionary approach to all these
initiatives. In our group, we are focusing on a naturally
occurring sub-cellular sink suitable for protein
accumulation. As such, we propose to exploit root color
diversity and target chromoplast as a sink for storage
of extra protein, similar to its cellular function for
massive accumulation of carotenoids in non-green
tissue such as CSR (Carvalho et al., 2012, Carvalho et
al., 2013).

Massive accumulation of intermediary carotenoid types
in the chromoplast membranous system of non-green
tissue is a balance of cell specific organelle
mechanisms related to carotenoid biosynthesis,
degradation, and sequestration. The process is

dependent on a broad class of proteins named
Carotenoid-Associated Proteins (CAP), which are
related to several cell functions such as pro-plastid and
plastid differentiation and interconversion (Pozueta-
Romero et al., 1997; Vishnevetsky et al., 1999a),
chromoplast formation (Bryant et al., 1992; Smirra et
al., 1993; Deruere et al., 1994; Lopez et al., 2008),
chromoplast differentiation (Camara et al., 1995;
Vishnevetsky et al., 1997; Li et al., 2001), and
carotenoid sequestration (Zagalsky, 1976;
Vishnevetsky et al., 1999b) that could provide a cellular
sink for functional proteins leading to stable protein
accumulation. This reasoning has led us to exploit the
causal effect of carotenoid and protein accumulation in
pigmented cassava storage root cells that have
naturally occurring variation in color (Carvalho et al.,
2013). The carotenoid-protein sink is of three fold
importance in cassava: (1) For the recognition of
chromoplasts as a natural sub-cellular stable sink of
functional proteins that are required for massive
accumulation of carotenoids; (2) To bring together high
amounts of accumulated carotenoids that can offer
additional nutritional value with pro-VitA carotenoid in
the storage roots; and (3) To identify proteins/genes
that may be manipulated genetically in a breeding
program to increase the carotenoid-protein sink of
cassava storage root. In this study, we provide
evidence for enhancing protein content by showing that
total buffer extractable protein content variation in
cassava storage root is associated with CSR color
being positively correlated with total carotenoid
contents, and are differentially distributed in the
storage root tissue compartments due to tissue age as
the secondary growth proceeds.

MATERIALS AND METHODS

Plant Material

Plant Diversity study used twenty-six accessions of
pigmented cassava landraces from our GENEBANK
collection (Silva and Espindola, 2011; Ferreira and
Clementino, 2010). The plants were cultivated in field
plots at Embrapa Genetic Resources and
Biotechnology and used for quantification of
extractable proteins, total carotenoid and β-carotene
from freeze dried root tissue to study protein profiles of
carotenoid-protein complexes characterization.
Rehydrated powdered tissue was processed with 2 ml
Extraction Buffer (EB) composed of Tris 80 mM pH 6.8,
NaCl 0.2M, Pefabloc SC 0.1% and DTT 25 mM,
vigorously vortexed and sonication for extraction of
total protein and carotenoid by phase separation with
the addition of 4 volume acetone, incubation at -20°C
for 1 hour, and centrifugation (30000 rpm/4°C/20
min). The supernatant was first collected and pooled
after wash the pellet twice with pure acetone with
centrifugation (30000 rpm/4°C/20 min). Acetone was
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evaporated under N2 flush, and the formed yellow
color phase was solubilized in anhydrous ether for total
carotenoid quantification as above. The remain pellet
was added with 3 ml Extraction Buffer, vortexed,
sonicated and heated at 60°C for one hour and
centrifuged (30000 rpm/4°C/20 min) again to
measure total proteins (TBEP) in the supernatant with
Bradford assay. For the diversity landrace experiment,
protein from tissue powder was buffer fractionated as
follow. For total extracted proteins (TBEP), the tissue
powder was added with 2 ml of EB, 4 volume of
acetone, vortexed, sonicated, incubated at -20°C,
(30000 rpm/4°C/20 min) and the supernatant used
for protein assayed as above. A new tissue powder
sample was treated with EB as above without acetone
treatment, centrifuged (30000 rpm/4°C/20 min) and
the supernatant used for protein quantification by
protein Bradford assay and treated as Buffer Soluble
Protein (BSP). The pellet was resuspended with 2 ml EB
added with 4 volume of acetone, vortexed, heated at
60°C, cooled at room temperature, incubated at -20°
for 1 hour, centrifuged (30000 rpm/4°C/20 min). The
pellet was collected and resuspended with 2 ml EB for
quantification of protein in the supernatant after
centrifugation (30000 rpm/4°C/20 min). Protein assay
used were BCA (PIERCE micro kit assay) or Bradford
(BioRad micro assay) according with the manufacturer.

Data Analysis

Comprehensive and standard statistical analyses were
performed using R Statistics package, SISA package
and XLSTAT package and ChemImagen 4400 (Alpha
Innotech, San Leandro, CA).

Tissue Preparation

Cylinders of storage roots 30-40 cm long and 4-6 cm in
diameter were manually sliced as bulk root or tissue
layers as previously described (Carvalho et al., 2018)
and immediately frozen in liquid nitrogen, freeze-dried
and stored in -80°C until used for protein content and
analysis, and for total carotenoid extraction and
quantification. For the carotenoid-protein complexes
studies, fresh intact storage roots were peeled off and
freshly processed immediately after harvest.

Total Buffer Extractable Proteins and Quantification

One gram of dried tissue of CSR from 29 cassava
clones was rehydrated with extraction buffer (EB),
addition of 20 ml of acetone (100%), vigorously
vortexed and incubated in a water bath at 50°C for 30
min, followed by the addition of 2 ml of extraction
buffer (SDS 5%, Glycerol 10%, Tris 80 mM pH 6.8, and
DTT 25 mM). After cooled to room temperature,
samples were incubated at -20°C for a minimum of 1 h
to obtain a protein precipitate free of pigments. After
centrifugation (30000 rpm/4°C/20 min) the

supernatant was discarded, and the pellet was dried by
blowing N2 air over the pellet and then re-suspending
with 5 ml of EB. The re-suspended solution was
centrifuged again (30000 rpm/4°C/10 min) to collect
1 ml aliquot of the supernatant that was stored in
-80°C until use. Aliquots of 100 treated with DOC
(0.15%) and TCA (12%) to precipitate Aqueous Soluble
Proteins (ASP). After centrifugation (13000
rpm/4°C/20 min) the pellet was suspended in 100 µl
of EB, and 50 µl was used for tissue protein estimation
by the BCA method using the Micro Kit of PIERCE
according to the manufacturer.

SDS-PAGE Analysis

Total extractable proteins, fractionated proteins and
pooled protein fractions from carotenoid-protein
complexes and non-carotenoid-protein complexes
were separated by one-dimensional SDS-PAGE as
previously described by de Souza et al. 2004.

Carotenoid Extraction and Quantification

Approximately 5-20 g of powder (dependent on the
intensity of color) was transferred to a 50 ml tube for
total carotenoid extraction, and total and specific
carotenoid quantification as previously described at
Carvalho et al. 2016.

Chromoplast Enriched Suspension Preparation and
Chromoplast Separation

Intensely colored layers of fresh storage roots were
separated, sliced, and treated as previously described
by Carvalho et al. 2012 for chromoplast enriched
suspension preparation.

Chromoplast Associated Protein Characterization by
2DE-PAGE

Purified chromoplasts were washed with HB and lyzed
in suspension buffer by sonication. An aliquot of CrAP
was precipitated using the DOC/TCA procedure. The
pellet was washed twice with cold acetone and
suspended in rehydrating IPG buffer. IPG dry strips (pH
3-10 linear and 18 cm long) were rehydrated with
protein samples and focused according to the
manufacturers (Pharmacia) protocol and are shown in
Figure 1. Protein molecular weight standards and pI
standard (2-DE standard molecular marker from
BioRad) were also treated and focalized on separate
strips. The second dimension protein separation used
an ISODALT gel system from Pharmacia according to
the manufacturer protocol using 13% SDS-PAGE. Two-
dimensional gel images were generated using a high
resolution (1024 x 1024 pixel) Dual Scan system (AGFA
T2000) and transferred to a high capacity computer.
Images were analyzed with the GELLAB II + software
(Scanalytics). Protein molecular weight and pI
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standards were calibrated, and relative OD reads within
and across gels of a particular experiment using white
cassava (cv. IAC 12-829) was used as reference.
Experiments were repeated twice and high quality gels
with reproducibility were used to identify individual
spots within samples and to estimate pI, MW and %OD
reads. Pair wise comparison of protein spot regulation
(Intensity %) across genotypes representatives’ storage
root color categories (Table 6).

Figure 1. Illustrative diagram of the laboratory procedures
addressed with storage root phenotype color representative
(Cas64 intense yellow, and Cas51 pink), fractionated
chromoplast enriched homogenate (ChrHom) as TBEP,
sucrose gradient Purified Chromoplast (Chl Pur) and
corresponding protein size separated in SDS-PAGE for
genotypes representative for four color variants of CSR (i.e.
white, IAC12; yellow, Cas47; intense yellow, Cas64; and
pink, Cas51)

RESULTS

Protein and Total Carotenoid Content Variation
Cassava Storage Root

Twenty-six landraces representing five color categories
of cassava storage roots were assessed for their Total
Buffer Extractable Protein (TBEP) and total carotenoid

content. Results in Table 1 indicate that up to 2.4x and
7.9x more TBEP was observed in intense yellow CSR
when compared to white CSR. Heat map analysis for
these landraces genetic diversity (Figure 1A) and a
sampler of 198 progeny (Figure 1B) for measured
protein and carotenoid. These results suggest that
diversity and intensity of CSR color contributes
significantly to differential carotenoid/protein sink
capacity. This is likely due to the naturally occurring
genetic background of landraces, which could open a
new avenue of research for improving cassava
nutritional quality. For the sake of simplification, only
phenotypes with highly contrasting CSR color (intense
yellow Cas64, and pink-Cas51) were further used in the
following experimental work, which was compared to a
white CSR color phenotype (cv. IAC12.829) as a control
in a conventional breeding program (Carvalho et al.
2013; Carvalho et al. 2011).

Chromoplast Fractionation and Protein-Carotenoid
Complex Separation

Chromoplast enriched suspension in extraction buffer,
and their constituents separated by size exclusion
chromatography for cassava storage root of landrace
Cas64 (Figure 2; intense yellow) and Cas51 (Figure 3;
pink color) (Table 2).

Figure 2. Illustrative diagram of the laboratory procedures
addressed with storage root to separate proteins-carotenoid
complex (Size exclusion chromatography, Peak01), major
carotenoids identification components (HPLC separation),
major proteins component separation (RP-HPLC
separation), membrane solubilized proteins patterns for
Peak 01 (proteins-carotenoids complex) and Peak 02 (non-
carotenoid associated proteins) separated by SDS-PAGE.
Fresh Storage roots of intense yellow landrace Cas64
(mainly β-carotene) was used as source of material

Table 1. Total Buffer Soluble Protein (TBEP) and total carotenoid content in storage root of cassava landraces representing five
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classes of color. One gram of dried tissues from 25 genotypes of cassava storage root was treated as described in material and
methods

Storage Root Color categories Landraces ID Total β-carotene

(μg/g DWt.)

Total carotenoid

(µg/g DWt.)

Protein

(mg/g DWt.)

Intense Yellow

Cas62 3.9 10.76 3.85

Cas64 20.68 24.57 7.51

Cas56 10.65 33.54 6.33

Cas31 5.49 13.97 4.33

Cas61 1.66 19.4 2.94

Cas32 11.43 19.4 6.12

Cas47 8.32 14.87 4.75

Cas34 14.87 24.41 4.36

Cas63 13.54 14.84 3.17

Cas68 13.96 30.77 3.3

Cas35 3.1 19.45 -

Yellow

Cas53 4.71 10.74 3.04

Cas33 6.62 6.44 2.98

Cas60 8.08 13.3 3.07

Cas66 11.89 17.18 -

Cas71 2.93 4.4 2.39

Cas70 6.3 11.71 2.39

Cas52 0.37 1.68 2.52

MC027 - 0.52 2.11

MC028 - 1.82 2.07

Pink Cas51 - 14.8 6.82

White IAC12.829 0.27 0.65 0.95

Table 2. Quantitative analysis of the fractionation steps of
total buffer extractable proteins from intense yellow
(landrace. Cas64) and white (cv. IAC 12.829 as reference)
storage roots of cassava. One kg of fresh harvested storage
root was fractionated by size exclusion chromatography as
showed in Figure 1-3

Extractable proteins
fractionation steps

Extraction Yield Recovered
fraction

IAC12.829 Cas64 IAC12.82
9

Cas64

Total Buffer Extractable
Proteins (mg/50 ml)

81.2 255.5 100 100

Chromoplast Enriched
Suspention (mg/5 ml)

8.2 20.9 10.1 8.2

Purified Chromoplast (mg/0.1
ml)

0.2 0.6 2.5 2.9

Peak 1 (mg/0.1 ml) 0.1 0.1 1.4 0.7

Peak 2 (mg/0.1 ml) 0.1 0.2 1.7 0.9

Table 3. Protein-carotenoid content informative data were
used for correlations study across the fractionation steps as
Figure 1 and Figure 2. Total buffer extractable proteins (TBEP)
and chromoplast suspension protein content (ChlHom) were
as detailed in materials and methods

Fractionation steps R2 value

TBEP 0.48

ChlHomSP 0.68

Carotenoid Protein Correlation Studies

The content of carotenoids and proteins associations
as accessed above was further characterized by
correlation analysis as shown in Table 3-5.
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Protein Content Distribution Associated with CSR
Tissue Age

Protein accumulation in storage organs are usually
related to their development and maturation, like in
seeds and tubers. For the case of cassava storage root,
that has indeterminate secondary growth, tissue age
effects confirms (Figure 5) previous report (Carvalho et
al., 2012), indicating that protein content varying
according to storage root tissue age as secondary
growth proceeds as illustrated elsewhere (Carvalho et
al., 2018). Taken together, these results indicated a
strong effect of tissue age in the accumulation of total
carotenoid and protein contents as secondary growth
proceeds in different color classes of CSR.

Figure 3. Illustrative diagram of the laboratory procedures
addressed with storage root to separate proteins-carotenoid
complex (Size exclusion chromatography, Peak01), major
carotenoids identification components (HPLC separation),
major proteins component separation (RP-HPLC
separation), membrane solubilized proteins patterns for
Peak 01 (proteins-carotenoids complex) and Peak 02 (non-
carotenoid associated proteins) separated by SDS-PAGE.
Fresh Storage roots of pink colour landrace Cas51 (solely
lycopene) was used as source of materials

In addition, further compartmentalization of carotenoid
and protein content variations was accessed by
separating Chromoplast Enriched Buffer Suspensions
(CEBS) by Size Exclusion Chromatography (SEC) and
HPLC to partially purify carotenoid-protein complexes
and their components in contrasting color phenotypes.

Carotenoid-protein complexes have been documented
in several plants systems by SDS-PAGE (Bryant et al.,
1992; Deruere et al., 1994; Zhou et al., 1994;
Vishnevetsky et al., 1999a; Pozueta-Romero et al.,
1997;), including cassava storage roots (Carvalho et
al., 2012). All of them had similar protein
polymorphisms in terms of protein size in gels with
specific protein bands varying from 15 to 70 kDa.

Figure 4. Membrane proteins from sucrose gradient
purified chromoplast (Chl Pur) as in Figure 1 and Figure 2,
were solubilized, separated and characterized by using in
2DE-PAGE. Fresh storage roots of white (cv. IAC12),
intense yellow landrace (Cas64), yellow landrace (Cas70)
and pink color landrace (Cas51) were used

Table 4. SDS-PAGE image analysis: Estimated protein size
(kDa), band abundance (non-dimensional density value)
revealed by SDS-PAGE analysis of the carotenoid-protein
complex fractionated as in Figure 1-3 using software
ChemImagen 4400 (Alpha Innotech, San Leandro, CA) to
observe differences in unique protein obtained from fresh
white (cv. IAC12.829) yellow (Cas70) intense yellow (Cas64),
and pink (Cas51) cassava storage roots protein extracts as
described in materials and methods

Protein Size (kDa) Root color phenotype

IAC12.829 Cas70 Cas64 Cas51

58 3192 6584 4661 13253

43 6080 6474 7940 7091

38 4190 4914 6173 3798

23 6140 9638 9450 12988

18 7361 6211 7177 4781

Table 5. Pair wise comparison of unique protein spot
numbers (numerator) for representative storage root color
categories, and their total number of spots (denominator) by
each storage root color category in 2DE-PAGE of the
carotenoid-protein complex fractionated as in Figure 1 and
Figure 4. Image analysis was performed by using software
ChemImagen 4400 (Alpha Innotech, San Leandro, CA). Fresh
cassava storage roots were used as described in materials
and methods
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Genotype
Number of spots Pair wise comparisons

Total Unique IAC12 Cas70 Cas64 Cas51

IAC12.829 50 24 50/50 Jun-83 21/138 9/142

Cas70 83 52 Jun-50 87/83 19/138 16/142

Cas64 138 83 21/50 19/83 138/138 30/142

Cas51 142 97 Sep-50 16/83 30/138 142/142

Table 6. Pair wise comparison of protein spot regulation
(Intensity %) across genotypes representatives storage root
color categories. 2DE-PAGE of the carotenoid-protein
complex fractionated as in Figure 1 and Figure 4. Image
analysis was performed by using software ChemImagen
4400 (Alpha Innotech, San Leandro, CA).

Protein spot regulation (% intensity in relation to IAC12) 

Ratio genotype Unchanged Up-regulated Down regulated

Cas70 33.33 16.67 50

Cas64 11.11 55.56 33.33

Cas51 19.05 71.43 9.52

Protein spot regulation (% intensity in relation to Cas70) 

Ratio genotype Unchanged Up-regulated Down regulated

IAC12 33.33 50 11.11

Cas64 31.58 57.89 10.53

Cas51 50 25 25

Protein spot regulation (% intensity in relation to Cas51)

Ratio genotype Unchanged Up-regulated Down regulated

IAC12 71.43 9.53 19.05

Cas64 53.33 36.67 10

Cas70 50 25 25

Protein spot regulation (% intensity in relation to Cas64)

Ratio genotype Unchanged Up-regulated Down regulated

IAC12 55.56 33.33 11.11

Cas70 31.58 10.53 36.67

Cas51 53.33 10 36.67

Carotenoid Types Present in Carotenoid-Protein
Complex

Overall the carotenoid profile in peak 1 from Figure 2,
correspondent to carotenoid profiles of carotenoid-
protein complexes, is similar to the full carotenoid
profile observed for each phenotype when obtained
directly from the plant tissue (Carvalho et al., 2012;
Carvalho et al., 2016). Similarly, carotenoid profiles in
peak 1 from Figure 3 are identical.

Figure 5. Total buffer extractable Proteins (TBEP, mg
protein/g DWt.) and carotenoid (μg/g DWt.) content
distribution in tissue layers according to the sampling
regime described elsewere. (A) refers to total buffer
extractable proteins content distribution. (B) refers to total
carotenoid content distribution. (C) Refers to lycopene
content distribution. A minimum of 4 landraces for color
variants were used for each error bars

Protein and Total Carotenoids Content Grouping and
Correlation Observation

Cluster analysis (Figure 6, Panel A) and Pearson
Correlation analysis (Figure 6, Panel B) indicate the
groups formed among the 26 tested landraces for
TBEP content (mg/g DWt.) and total carotenoid content
(μg/g DWt.), Correlation between those traits as
Pearson r value reach level of 0.74.This results confirm
the high correlation values of those two traits at the
level the level of Chromoplast and carotenoid-protein
complex as showed elsewhere (Carvalho et al. 2012;
Carvalho et al. 2013; Carvalho et al. 2016).
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Figure 6. Cluster analysis for protein content (mg/gDWt)
and total carotenoids content (mg/gDWt) among the 22
landraces studied

DISCUSSION

Massive accumulation of carotenoid in non-green
tissue has been correlated directly with biosynthesis of
the components of accumulating structures, and the
actual model for carotenoid sequestration includes
carotenoids, proteins and lipids (Deruere et al., 1994;
Pozueta-Romero et al., 1997; Vishnevetsky et al.,
1997). This corroborates with proliferation of
carotenoid sequestering structures rather than with
changes in gene expression or enzyme abundance of
the carotenoid biosynthesis pathway (Al-Babili et al.,
1996; Del Villar-Martínez et al., 2005), as well as
being dependent on their sequestration in specialized
supramolecular structures (Camara et al., 1991;
Bartley and Scolnik, 1995; Vishnevetsky et al., 1999a).
Together, these studies led to the recognition of a
broad class of Carotenoid-Associated Proteins (CAP)
(Vishnevetsky et al., 1999b) that are related to several
cell functions such as pro-plastid and plastid
differentiation and interconversion (Pozueta-Romero et
al., 1997; Vishnevetsky et al., 1999a), chromoplast
formation (Bryant et al., 1992; Smirra et al., 1993;
Deruere et al., 1994; Lopez et al., 2008), chromoplast
differentiation (Camara et al., 1995; Vishnevetsky et
al., 1997; Li et al., 2001), and carotenoid sequestration
(Zagalsky, 1976; Vishnevetsky et al., 1999b), especially
in non-green tissue such as roots (Hagenimana et al.,
1999), seeds (Kirk and Tiliney-Bassett, 1978) and
flowers (Libal-Weksler et al., 1995). These
observations provide a cellular sink for functional

protein accumulation in non-green tissue like cassava
storage root. Results in the present document provide
evidence that protein content in cassava storage root
varies with color and color intensity in the
representative yellow group of cassava landraces.
Enhancement of up to 55% more protein content in the
intense yellow cassava storage root was observed in
relation to white CSR. Similar results have been
observed in different plant species in which CAPs were
accumulated in extremely high levels (up to 80%) in the
fibril’s external half-membrane of the fibrillar
chromoplast with variability due to structural proteins,
enzymes of the carotenoid biosynthesis pathway,
organelle differentiation processes, protein-protein as
well as protein-molecules interactions (Smirra et al.,
1993; Deruere et al., 1994). These proteins
accumulated in parallel to carotenoid deposition in the
stroma, which is organized in several types of
supramolecular structures (Camara et al., 1991),
including fibrillar-type composed of protein, carotenoid
and lipids (Deruere et al, 1994). Similarly, less
abundant proteins, also accumulates with identical
patterns to that of CAP in fibrillar chromoplast (Libal
Weksler et al., 1997). These CAPs, in non-green
tissues, have been shown to respond to heat stress
(Parsell and Lindquist, 1993), drought stress,
wounding (Chen et al., 1998), changes in fruit
development (Lawrence et al., 1997), and in transgenic
manipulated tuber of potato (Lopez et al., 2008). In the
case of cassava storage root, our results indicate that it
is mainly dependent on the sequestration of
carotenoids of a particular landrace, root tissue age
and the carotenoid-protein complexes association with
the color categories studied. Comparative studies
between intense yellow and white CSR indicates that
the carotenoid biosynthesis pathway is active in both,
but intense yellow landraces accumulate 100x more
total carotenoid (Carvalho et al., 2016) than white
cassava. Protein polymorphisms observed in CAPs of
cassava storage root varied in terms of size and
abundance according to the color category of the
landraces, depending on the major carotenoid type
accumulated. Four major proteins, revealed in this
study, a 18KDa in the white root, a 23 kDa and a 33
kDa in the yellow and a 59 kDa specific to pink root
were associated with two major-carotene and
lycopene), depending on the genotype. This
observation provides evidence that these proteins in
CSR form causal associations with the high carotenoid
content in intense yellow CSR.

CONCLUSION

In conclusion, this study provided evidence that total
buffer extractable protein content variation in cassava
storage root was associated with storage root color,
was correlated with total carotenoid contents, and was
differentially distributed in the storage root tissue
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compartments due to tissue age as the secondary
growth proceeded. In addition, protein polymorphisms
were also observed to be associated with storage root
color diversity and distinct carotenoid-protein complex
variants associated with root carotenoid type. In order
to further elucidate the process of massive
accumulation of carotenoid content in CSR and the
mechanisms of carotenoid sequestration in non-green
tissue like CSR, the issue of carotenoid biosynthesis
and identification of the proteins involved in the
carotenoid-protein complexes need further study. In
particular, a conventional breeding program was
started by preparing a single segregating population
with promising landraces showing high protein and
carotenoid content. The results from this research
program are expected to provide significant
contribution to our understanding of the molecular
machinery to improve pro-Vit-A and protein content in
cassava.
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