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Abstract

There are scanty data on genome size of Anacar-
diaceae, and none has been reported for cashew, Anac-
ardium occidentale till date. This study aimed at deter-
mining the absolute nuclear DNA content (genome size)
that could facilitate research into bio-systematics,
genomics and genetic improvement of this important
tropical tree crop species. Here, isolated nuclei of prepa-
rations from 43 cashew accessions selected across five
growing regions were flow cytometrically analyzed for
genome size determination using Solanum lycopersicum
var. Stupicke with a genome size of 1.96 pg/2C as an
internal reference standard.

Mean genome size was significantly different (P<0.01)
across the 43 cashew accessions suggesting intra-specif-
ic variation (about 3.6% coefficient of variation) for
absolute nuclear DNA content in this species, but with
no evidence of endopolyploidy or endoreduplication.
Flow cytometric analysis data presented here showed
that absolute genome size of cashew is about 0.857
pg/2C (419 Mb/1C). However, there was a slight gradual
increment in genome size from south to north gradient
across sampled populations. The data also showed sig-
nificant correlation (r=0.368, P<0.01) between nuclear
DNA content (genome size) and phenotypic trait, nut
weight. The results obtained here confirmed relatively
small genome size in this tree species, almost twice
genome size of diploid Arabidopsis thaliana but slightly
lower than mango, Mangifera indica, a close relative in
Anacardiaceae. Similarity in genome size between
Mangifera indica and Anacardium occidentale could be
a further proof of genetic relatedness between these two
important species of Anacardiaceae. 
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Introduction

Cashew, Anacardium occidentale is an important trop-
ical nut tree that belongs to family Anacardiaceae. The
family comprises about 82 genera and over 700 species
(PELL, 2004) and is characterized by cultivated edible
fruits and seeds. Examples are mangos, pistachios, and
cashews. Cashew plant has been described as a poly-
morphic species with chromosome numbers ranging

between 2n=24, and 2n=42 (DECKERS et al., 2001). This
tropical nut tree is native to the Brazilian Amazonia for-
est, which is also the primary centre of its diversity
(MITCHELL and MORI, 1987). Although it has become nat-
uralized in tropical worlds (MITCHELL and MORI, 1987;
RICKSON and RICKSON, 1998; BHASKARA-RAO and SWAMY,
2005), recent data on cashew nut fossils identified in 47-
million year old lake sediments in Germany have shown
evidence of its earlier distribution in Europe (MANCHES-
TER et al., 2007). Cashew produces nuts from which the
edible and highly nutritive kernel is extracted and
roasted as dessert. High grade roasted kernels are
major export to industrialized nations and source of for-
eign exchange earnings for third-world producing
nations (BHASKARA-RAO and SWAMY, 2005). In addition to
the kernel extracted from drupaceous cashew nut, the
attached pseudo-fruit (apple) could be either consumed
fresh or processed into juice and assorted drinks
(PARAMSHIVAPPA et al., 2001). Generally, there had being
increased contribution of cashew industry to the nation-
al economic development in a number of developing
countries in Asia, Africa, and South and Central Ameri-
ca in the recent time, especially in the rural areas (MAR-
TIN et al., 1997; ALIYU and HAMMED, 2008). Hence, there
would be need for more research into the crop species.

In spite of importance of genome size in speciation and
diversification of angiosperms (GREGORY, 2005; BENNETT

and LEITCH, 2011), it remains poorly studied in woody
angiosperms (CHEN et al., 2014). Few genome size data
available on trees were predominantly published on
temperate species. In other words, little is known till
date about genome size of many tropical tree species.
Recent search (10 November, 2014) of the plant genome
size database (BENNETT and LEITCH, 2012;
http://data.kew.org/cvalues), revealed that nuclear DNA
contents for only six species across 4 genera in the fami-
ly Anacardiaceae were so far reported. They are Cotinus
coggygria Scop. (ZONNEVELD et al., 2005); Lannea coro-
mandelica (Houtt.) Merr. (OHRI et al., 2004); Lannea
grandis (Dennst.) Engl. (OHRI et al., 2004); Mangifera
indica L. (ARUMUGATHAN and Earle, 1991); Pistacia lenti-
cus L. (SILJAK-YAKOVLEV et al., 2010) and Pistacia tere-
binthus L. (HORJALES et al., 2003; SILJAK-YAKOVLEV et
al., 2010). Till date, there has not being any report of
genome size (absolute nuclear DNA content) in cashew,
Anacardium occidentale, in spite of increasing research
into its breeding and genetic improvement. To this end,
here 43 cashew accessions from diverse ecologies (grow-
ing areas) were analyzed to determine the absolute
nuclear DNA content for this plant species, using a flow
cytometric procedure described by DOLEZ̆EL et al. (2007). 
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Materials and Method

Plant System

Leaf tissue samples for analysis were collected from
seedlings raised from forty-three (43) cashew accessions
collected across 5 major growing areas in Nigeria (Table
1). Five seedling plants were raised per accession in a 5
litres plastic-pot containing top soil and compost. The
young plants were nurtured under green house condi-

tions with average temperature of 24°C and 16-hour
photoperiod at the greenhouse facilities of the Institute
for Plant Genetics and Crop Research (IPK), Gater-
sleben, Germany. Leaf samples for genome size analysis
were collected 4 weeks after germination to reduce stoi-
chiometric error from high metabolic (secondary) and
phenolic compounds commonly associated with very
young leaves (LOUREIRO et al., 2006; DOLEZ̆EL et al.,
2007). Samples were collected from three individuals

Table 1. – Geographical /Climatic data and locations of 43 cashew accessions.

Figure 1. – A representative histogram of fluorescence intensity of isolated
DNA nuclei from leaf sample of UB-7 accession of Anacardium occidentale
and internal reference standard Solanum lycopersicum, var. Stupicke with a
genome size of 1.96 pg/2C; (DOLEZEL et al., 1992). 
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per accession for the genome size determination. A total
of fifteen determinations were done for each accession
and carried out in 5 replicates across different days
(DOLEZ̆EL and BARTOS̆, 2005; LOUREIRO et al., 2006). Leaf
samples for the internal reference standard were collect-
ed from young tomato (Solanum lycopersicum var.
Stupickle) plants raised under the same growing condi-
tions described for the cashew plants. 

Genome size analysis

About 50 mg of young leaf tissue of each plant sample
was chopped together with an internal reference stan-
dard (leaf tissue of Solanum lycopersicum, var. Stupicke,
with a genome size of 1.96 pg/2C; DOLEZ̆EL et al., 1992)
in a Petri dish containing 1.0 ml cold nuclei isolation
buffer (GALBRAITH et al., 1983) supplemented with
DNAse-free RNase (50 µg/ml) and Propidium Iodide (50
µg/ml). The isolation buffer comprises 45mM
MgCl2.6H2O, 30 mM Tri-sodium Citrate, 20 mM 3-Mor-
pholine-1-Propane-Sulfonic acid (MOPS: #M3183,
Sigma-Aldrich, St. Louis, MO, USA), supplemented with
1% (w/v) Triton X-100 and 1% (w/v) Polyvinyl pyrroli-
done-(PVP-40) and the buffer was adjusted to pH 7.2.
The concentrations of Triton X-100 and PVP-40 are ideal
for reducing the effect of phenolic compounds and cellu-
lar debris (DOLEZ̆EL et al., 2007; CHEN et al., 2014). The
nuclear suspension was filtered through a 35 µm mesh
filter and incubated for at least 20 minutes on ice in the
darkness before analysis. The relative fluorescence
intensities of isolated nuclei were measured with a FAC-
StarPLUS (BD Biosciences) flow sorter equipped with an
argon ion laser INNOVA 90C (Coherent) aligned to 514
nm, and about 5000 nuclei per sample were analyzed
using the software CELL Quest 3.3 (BD Biosciences).
Noises from cellular debris were gated off and instru-
ment linearity was routinely checked. A total of fifteen
measurements were analyzed per accession in five repli-
cates. However, replicate measurements were carried
out on different days (see DOLEZ̆EL and BARTOS̆, 2005).
Absolute genome size was computed from the histogram

G0/G1 peaks, (with coefficient of variations (CVs) less
than 4%) for both cashew sample (Annacardium occi-
dentale) and internal reference standard (Solanum
lycopersicum) (Figure 1). The genome size was expressed
in both pg and base-pair (bp) using a factor of 1 pg = 978
Mb (DOLEZ̆EL et al., 2003).

Nut weight measurements

To study the relationship between absolute nuclear
DNA content and a plant phenotypic trait, individual
nut weight of at least 100 nuts each across the 43
cashew accessions was measured with laboratory weigh-
ing balance after air-drying to 9% moisture content.
Data on nut weight were recorded for 3 years to mini-
mize bias due to environmental effects (see ALIYU et al.,
2014). 

Statistical Analysis

Nuclear DNA content for each sample was computed
using equation by DOLEZ̆EL et al. (2007). The measure-
ments were summarized and statistically tested using
one-tailed ANOVA (Table 2) and mean values were sepa-
rated using Duncan’s multiple range test (DMRT) at
P <0.05. Variance analysis was computed at both, acces-
sion and population (location) levels for genome size and
nut weight data. Pearson correlation analysis was also
carried out on genome size and nut weight data to deter-
mine relationship between absolute nuclear DNA con-
tent and nut weight in cashew. 

Results

Genome size variation among cashew accessions

Repeated measurements across the 43 cashew acces-
sions were highly reproducible as variation due to repli-
cation was statistically not significant (Table 2). The
standard deviation of genome size ranged between 0.003
pg for 3 accessions (OB-Y3, AD-R1 and OC-IY) and
0.016 pg for CJ-18. These standard deviation values cor-

*** indicates significant difference at P<0.001, and ns indicates not significant difference.

Table 2. – Variance analysis of Genome size and nut weight of 43 cashew accessions.
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respond to  about 0.24%, 0.34%, 0.35%, 0.36% and
1.83% of the respective mean genome sizes of the 4
cashew accessions. However, variance analysis of
genome size across the 43 accessions was statistically
different at P<0.01, an indication of genome size varia-

tion among these cashew accessions (Tables 2, 3). Indi-
vidual mean genome size across the cashew accessions
ranged between 0.743 pg/2C for CC-11 and 0.899 pg/2C
for AD-Y1 (i.e. about 20% fold) (see Table 3). And total
coefficient of variation (CV%) of the genome size was

Table 3. – Variation in mean genome size (pg/2C, pg/1C, Mb/2C and Mb/1C) across 43 cashew
 accessions.
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about 3.62% (sd/u– � 100). Where sd is the standard
deviation and u– is the total mean for genome size. A total
mean genome size of 0.857 pg (i.e. 837 Mb) for 2C
genome and/or 0.428 pg (419 Mb) for 1C genome was

recorded for these 43 cashew accessions (Table 3). And
based on data presented here, intraspecific genome size
variation between the smallest and largest 1C genomes
of cashew is about 77 Mb. 

Figure 2. – Distribution of genome size across 5 locations, Offa (FFA), Oro, University of Agri-
culture Abeokuta (UNA), Cocoa Research Institute of Nigeria Ibadan (CR-IB) and Ochaja
(OCH) where 43 cashew accessions were collected.

Figure 3. – Pearson correlation analysis showing relationship between nut weight (g) and
absolute nuclear DNA content (pg/2C) of cashew.
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Genome size variation across locations

Mean genome sizes across accessions from different
locations showed slight variation from lower elevation
(south) to higher elevation (north) (Figure 2). The
largest and smallest genome sizes of 0.888 pg/2C and
0.844 pg/2C were recorded for accessions collected from
Offa (north) and CRIN, Ibadan (south), respectively
(Figure 2). Thirteen (13) accessions from CRIN, Ibadan
(southern elevation) exhibited the highest variation in
genome size (0.735–0.902 pg/2C) and while least varia-
tion were recorded for cashew accessions sampled from
Offa and Ochaja (northern elevation) (Figure 2). In spite
of these variations, average genome sizes of cashew
samples from Ochaja (north) and CRIN, Ibadan (south)
were found to be comparatively close, 0.844 pg/2C and
0.848 pg/2C, respectively. 

Correlation between absolute nuclear DNA content 
and nut weight in cashew

Analysis of variance of 3-year nut weight data showed
highly significant (P<0.01) variation of nut weight
among the 43 cashew accessions sampled in this study
(Table 2), with average nut weight ranging between
2.14g (smallest) and 13.81g (largest) for OC-IR and OB-
Y3 cashews, respectively (data not shown). Pearson cor-
relation analysis of absolute genome size and nut weight
data showed highly significant correlation between vari-
ation in absolute nuclear DNA content and nut weight
in these cashew plants (Figure 3, r=0.368, P<0.01). 

Discussion

The importance of genome size for genetic improve-
ment in crop plant species cannot be overemphasized.
However, such important data are rare in tropical tree
crop species like cashew; hence this study was carried
out to determine absolute genome size in this crop plant
using a flow cytometric procedure to analyzed 43 sam-
ples collected from 5 different localities in Nigeria (Table
1). Importantly, all flow cytometric histogram profiles
(about 700) analyzed produced a single G0/G1 2C peak
for cashew, Anacardium occidentale (see Figure 1), a
phenomenon suggesting lack of endopolyploidy
(endoreduplication) in cashew genome. This observation
is in contrast to tomato, Solanum lycopersicum (internal
reference standard plant) with high frequency of
endopolyploid peaks (Figure 1 this data, CHEVALIER et
al., 2011). This observation probably suggests that
endoreduplication do not play significant role in growth
and development of cashew plants. Till date, the issue of
genome ploidy level in some species within family Anac-
ardiaceae still remains a conundrum. For example,
Mango, Mangifera indica L. a closely related genus in
Anacardiaceae has been reported to be an allopolyploid
(MUKHEREJEE, 1950) with 40 chromosomes and a
tetraploid (ARUMUGANTHAN and EARLE, 1991). But recent
molecular studies reported Mangifera indica to be a
diploid species (DUVAL et al., 2005; VIRUEL et al., 2005;
SCHNELL et al., 2006). Similar to Mango, chromosome
counts had shown that cashew has 42 somatic chromo-
somes (ALIYU and AWOPETU, 2007). And microsatellite

markers data of about 450 cashew accessions (including
materials used in this study) indicates diploid ploidy for
cashew (unpublished data). While the ploidy status is
yet to be conclusively resolved, the consistent single his-
togram peaks recorded for cashew samples across all
flow cytometric genome size measurements indicates a
stable ploidy for this crop plant species. Similar trend
was reported on mango (ARUMUGANTHAN and EARLE,
1991). 

About 0.20-fold difference in individual mean genome
size (0.743–0.899 pg/2C, Table 3) recorded for the 43
cashew accessions studied here provides evidence of
intraspecific (C-value) genome size variation in cashew
plant. Although, GREILHUBER (1998; 2005) had remarked
that many intraspecific C-value variations could be
linked to methodological and technical errors, the
author however suggested that such errors could be mit-
igated through replication and measurement across dif-
ferent days. Data presented here were replicate mea-
surements carried out on different days (DOLEZ̆EL and
BARTOS̆, 2005), and with higher replications (NOIROT et
al., 2003; SCHMUTHS et al., 2004). In the light of this,
intraspecific variation (about 3.6% coefficient of varia-
tion across the 43 samples) recorded here could possibly
be attributed to chromosome polymorphism and/or spon-
taneous aberration (GALBRAITH et al., 1991; GREILHUBER,
1998). Furthermore, analysis of variance of the genome
size data presented here showed no significant variation
between measurements within and between days. Slight
intraspecific variation in genome size observed here is
similar to slight intraspecific variation reported in some
tropical woody trees (see CHEN et al., 2014). Data pre-
sented here showed that cashew has a genome size of
0.857 pg and 837 Mb for 2C genome and accordingly
falls within a class of plants with small genomes. SOLTIS

et al., (2003) classified plants with genome size of
≤ 1.4pg/2C to be very small genome. Cashew genome
size reported here could not be compared with previous
data as none could be found for this plant species. How-
ever, comparing it to other plant species, cashew genome
size recorded in this study is twice that of Arabidopsis
thaliana (DOLEZ̆EL et al., 1998; SCHMUTHS et al., 2004),
five times smaller than corn’s genome (DOLEZ̆EL et al.,
1998; JOHNSTON et al., 1999), and less than half of toma-
toes (DOLEZ̆EL et al., 1992). Importantly, 0.428 pg/1C
recorded for cashew here was comparatively closer to
0.45 pg/1C reported in mango, Mangifera indica (ARU-
MUGANATHAN and EARLE, 1991), a member of the same
Anacardiaceae family. The absence of endoreduplication
and characteristic smaller genome obtained in this
cashew data further support previous hypothesis of
smaller genome size and rare polyploidization in woody
angiosperms (see CHEN et al., 2014). Furthermore, simi-
larities in somatic chromosome number and genome size
between mango, Mangifera indica (ARUMUGANATHAN and
EARLE, 1991) and cashew, Anacardium occidentale
(ALIYU and AWOPETU, 2007; and data being reported
here) are more evidences of genetic relatedness of these
two Anacardiaceae species. Recent molecular data also
showed that these two plant species clustered together
in the same clade and diverged about 50 million years
ago (see XIE et al., 2014). 
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Correlations between intra-specific variation in
genome size and environmental gradients or growth
conditions have been reported in Coffea (NOIRO et al.,
2003, SCHMUTHS et al., 2004). With exception of cashews
collected from Ochaja (higher elevation), the results
showed a slight gradual increment in genome size of
plants selected from lower elevation, south (CRIN
Ibadan, and University of Abeokuta) to higher elevation,
north (Offa and Oro) gradients (Table 3 and Figure 2).
Cocoa Research Institute of Nigeria, Ibadan has a
Research Station for conservation of cashew germplasm
in Ochaja and there is a high probability that replicates
must have been selected from these two (Ibadan and
Ochaja) locations and, thus, similarity obtained in
genome sizes of cashew plants from these two locations
(Table 3 and Figure 2). BENNET et al. (2003) were of the
opinion that larger centromeric regions of chromosomes
could account for increased genome size of accessions
within a species. Further studies with more samples
across broader locations would help to validate this pre-
liminary observation in future. Genome plasticity for
plant adaptation is a well documented phenomenon in
plant species (BENNETZEN and KELLOGG, 1997; BENNET-
ZEN et al., 2005; LEITCH and LEITCH, 2008). Wide varia-
tion in climatic variables across geographical gradients
could lead to genome obesity/or streamlining, thus,
slight change in genome size across gradients.

Relationships between amount of nuclear DNA con-
tents and some plant phenotypic traits (pollen size,
stomata size, leaf size and seed size) have been reported
in angiosperms (CHUNG et al., 1998; BEAULIEU et al.,
2007; KNIGHT et al., 2010). Data presented here indicat-
ed significant correlation between nut weight and
genome size in cashew. Cell and organ size in plants are
also known to be correlated with DNA content (see
STRASBURGER et al., 1991; as quoted by SCHMUTHS et al.,
2004). Increased genome size in plants has been linked
to increased cell size (CAVALIER-SMITH, 2005; GREGORY,
2005) and increased demand for energy to build extra
DNA and large cells (LEITCH and BENNETT, 2004; CAVA-
LIER-SMITH, 2005). Cashew plants raised from large nuts
are characterized by large surface leaf area and large
food reserves (HAMMED et al., 2014). Correlation
between nut size and vigorous growth form in the early
stage of cashew development has been reported in these
germplasm materials (HAMMED and ADEYEMI, 2005).
Further studies should be carried on this intraspecific
variation to understand possible role of increased
genome across gradient for cashew adaptation. 

In conclusion, flow cytometric analysis of 43 cashew
samples determined in this study showed that cashew,
Anacardium occidentale has a genome size of 0.428 pg
and 419 Mb /1C. This result would be useful for further
genome research in this important tropical tree species. 
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