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Abstract

The structure of quinoa (Chenopodium quinoa) fruit before
and after germination was studied using electron microscopy.
Protective coverings include a perianth consisting of loosely
adhering cells which are readily removed by washing, a pericarp
and two seed coat layers. Starch granules fill the perisperm cells
and are arranged in 18 to 20 um oblong aggregates. Limited
hydrolysis of the starch occurs after 24 hrs of germination, with
amylolytic erosion of large granules occurring at the hilum and
periphery of the granules. Ungerminated embryo cells contain
protein bodies with phosphorus-containing globoid inclusions.
Essentially complete hydrolysis of the embryo protein bodies
occurs within 24 hrs of germination leaving large central
vacuoles within the cells.
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Introduction

Quinoa (Chenopodium quinoa, Willd) is a major staple food
of people in the Andes. The fruit is used for porridges or ground
into flour for preparing breads and cakes. Quinoa is a drought
resistant crop and can be produced on land that will not sup-
port the growth of common cereals (White et al., 1955, Sim-
monds, 1965) so it is often used as a substitute for cereal grain
in food preparations. The yield of fruit is 840 to 3000 kg/hectare
(Simmonds, 1965).

The protein content of quinoa fruit ranges from 9 to 15% (Et-
chevers, 1980; Aguilar et al., 1979; Sanchez-Marroquin, 1983;
Clavijo et al., 1973; Quiros-Perez and Elvehjem, 1957). Fat con-
tent is about 4% (Simmonds, 1965). Starch comprises about
60% of quinoa (Wolf et al., 1950). Quinoa starch has a dia-
meter of 1-2.5 um, a gelatinization temperature range of
57-64°C, an amylose content of 11%, and an average amylo-
pectin chain length of 27 (Atwell et al., 1983). Quinoa starch
pastes do not gel on standing (Wolf et al. 1950).

No reports have been published on the structural characteris-
tics of quinoa other than a description of aggregated starch
granules isolated from the fruit (Atwell et al., 1983). The ana-
tomy of quinoa fruit is important from a processing standpoint
as well as to increase our knowledge of its structural character-
istics. The objective of this study was to describe the ultrastruc-
ture of quinoa fruit and the changes in structure as affected by
germination.

Materials and Methods

Materials

Four quinoa varieties were studied: Blanca, Rosada,
Pasankallo and Koito. The samples originated from Bolivia.

Methods

Scanning Electron Microscopy (SEM). The fruit was frac-
tured with a dull razor blade, mounted on Al stubs, and coated
with Au/Pd. Some samples were washed in distilled water and
lightly abraded between the fingers to remove the loose outer
layer of the fruit prior to SEM observations. Other samples were
germinated by soaking in distilled water for 24 hrs. and then
freeze-dried. Samples were viewed in an ETEC U-1 SEM oper-
ated at 10 to 20 kV or in a JEOL 35C.
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Qualitative X-ray microanalysis of fractured, carbon coated
samples was done using a Link X-ray Energy Dispersive Micro
analyzer attached to a JEOL 35C SEM. Counting rates were
2500-3000 cs/sec and analysis time was 100 sec. at 20 kV.

Transmission Electron Microscopy (TEM). Some quinoa
fruit were fixed for TEM following the simultaneous glutaral
dehyde-OsOs fixation schedule of Franke et al. (1969). Other
samples were fixed sequentially, first in glutaraldehyde and then
in OsOs after buffer rinsing. Fixed samples were dehydrated
in a graded acetone series (30% to 100%), embedded in Mascor-
ro’s resin (Mascorro et al., 1976), and sectioned with a glass
knife on a Reichert OM-2 Ultra-microtome. Sections (60 nm
thick) were stained with 5% uranyl acetate in 50% ethanol fol-
lowed by lead citrate (Reynolds, 1963), and viewed in a Philips
201 transmission electron microscope at 60 kV.

Small fragments of moistened perisperm of ungerminated and
germinated quinoa fruit were placed in copper specimen holders
and frozen in liquid freon. Freeze-fracturing and Pt shadowing
at an angle of 35° were done at —170°C in a Balzers Freeze
Etch Unit. Replicas were cleaned by sonicating in Chlorox for
5 min., held in Chlorox for an additional 3 hr., washed in water,
and collected on uncoated 300 mesh copper grids. Micrographs
were taken on a Zeiss EM-10 transmission microscope at 60 kV.

re 1. SEM of quinoa fruit: (a) and (b) enclosed in the
perianth. Gross internal anatomy of quinoa shows pericarp
and perianth (P), embryo (E), and perisperm (PE). Frac-
ture done parallel to the plane of the cotyledon.

Figure 2. Scanning electron micrographs of quinoa: (a) peri-
anth is removed by washing to reveal the pericarp, (b) the
hilum, and (c) tracheids at the hilum.
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Results and Discussion

Quinoa fruit are disc-shaped and range in diameter from 1
to 3 mm (Fig. la). The major anatomical parts of the fruit (Fig.
1b), the outer covering (perianth and seed coats), the perisperm,
and the embryo, are described below.

Outer Coverings

Often when quinoa is harvested, the fruit fall off the plant
still enclosed in the perianth (Fig. la). The weakly adhering
cells of the perianth are easily removed by washing and scrub-
bing in water to expose the smooth surface of the pale yellow
pericarp (Fig. 2a). The perianth of some varieties is magenta
colored by a water soluble pigment that has a Amax of 530 nm
which is characteristic of betacyanins (Harborne and Simmonds,
1964).

The hilum, the scar left from the attachment of the fruit to
the placenta, is located at the center of the fruit (Fig. 2b). Tra-
cheid structures involved in the transport of water and nutrients
from the plant to the fruit can often be seen at the hilum (Fig. 2¢).

Figure 3. Quinoa covering layers. The location of the peri-
carp (P) and the perisperm (PE) in fractures perpendicular
to the plane of the embryo is shown in the SEM micrographs
(a). The pericarp (Pa) lies beneath the perianth (Pr) as seen
in (b). TEM micrographs show starch granules (S) and elec-
tron dense structures in the seed coat layer beneath the peri-
carp (Pa) (c) and cuticle-like structure (Cu) is shown tight-
ly attached to the perisperm (d).

Fractures perpendicular to the plane of the cotyledons (per-
pendicular to the disc structure, Fig. 3a) reveal starchy perisperm
covered by a pericarp and seed coat structures. In this case, the
perianth has been removed, but when present it consists of a
layer of cells loosely attached to the pericarp (Fig. 3b). The
pericarp layer consists of a dense, compact layer of cells about
10 um thick (Fig. 3b and c). There are two seed coat layers
beneath the pericarp. One layer is about 20 um thick and con-
tains polygonal starch granules and electron dense bodies (Fig.
3c). A second seed coat structure is cemented to the perisperm
(Fig. 3d). This 3 um thick structure may be the cuticle.
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Figure 4. Qualitative X-ray energy dispersive analysis spec-

tra of the perianth (a) and the pericarp after washing away

the perianth (b). The Cu peak is from instrument parts. Both
spectra printed at the 4 k vertical scale.
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It is a common practice among quinoa consumers to wash
and scrub the fruit in water prior to consumption (Simmonds,
1965). This washing removes the bitter saponins that are ap-
parently located in the outer coverings (Aguilar et al., 1979).
Washing removes the perianth which contains high K and Cl
contents and minor or trace levels of Mg, Al Si, P, S and Ca
(Fig. 4a). It is doubtful that hand washing is vigorous enough
to remove the pericarp. Like the perianth, unwashed pericarp
contains high concentrations of K and similar low contents of
S and Ca (Fig. 4b). However, there is less Cl in the pericarp
than in the perianth.

Perisperm.

Quinoa fruit differs from cereal grains in that the storage
reserves for the developing embryo are found in the perisperm
rather than the endosperm (Wolf et al., 1950). The perisperm
is located in the center of the fruit (Fig. 1b).

Figure 5. Quinoa perisperm
cells. Aggregates within the cells
(a) consist of polygonal starch
granules (b). TEM micrographs
(c and d) show cells with differ-
ent size starch (S) granules.
Granules are surrounded by
matrix protein. CW — cell wall.

»

Figure 6. Freeze fracture replica
(a) and thin sections of sequen-
tially fixed seeds (b) show sphe-
rulitic structure of starch. SI=
starch interior; Su=starch sur-
face.
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Starch granules in perisperm cells are polygonal and range
in size from 04 to 2.0 um (Fig. 5a and b). Transmission elec-
tron micrographs indicated that two populations of starch granule
sizes exist in the perisperm: one population centers around a
granule diameter of 0.5 um; the other centers around a granule
diameter of 1.3 um (Fig. 5c). Atwell et al. (1983) reported a
particle size distribution of 0.63 to 80 um for a pure quinoa
starch preparation with the median diameter being about 1.5
pum. Our data indicate that the size range is smaller and that
a bimodal distribution exists. Some cells appear to contain only
the larger granules while other cells contain mainly small
granules (Fig. 5c). Starch granules are found as single entities
within the cells (Figs. 5c and d) or compound structures consist-
ing of spherical or oblong aggregates (Fig. 5a). As many as
14,000 starch granules may comprise an aggregate about 18 to
20 pm in size (Seidemann, 1966).
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Figure 7. Qualitative X-ray energy dispersive analysis spec-
trum of the perisperm. Cu and Zn peaks are from instru-
ment parts. Vertical scale is 2 k.
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Figure 9. Qualitative X-ray energy dispersive analysis spec-

trum of the embryo, showing high content of P and K. Ver-
tical scale is 8 k.

The compact spherulitic texture of the starch granules was
revealed in both freeze fracture replicas (Fig. 6a) and thin sec-
tions of samples that were stained sequentially with glutaralde-
hyde and then OsOa (Fig. 6b). The reasons why quinoa starch
granules strongly react with OsOs during sequential fixation and
not during a simultaneous fixation procedures are unknown.
Unlike starch granules of many cereal grains (Buttrose, 1960;
Gallant et al., 1972), no concentric rings were observed in quinoa
granules.

Matrix protein surrounds the starch granules and intercon-
nects them within the cells (Figs. Sc and d). In most TEM pre-
parations, the starch granules pulled away from the surrounding
protein which may suggest weak bonding between those two
components. No obvious protein bodies were observed. Peris-
perm cell walls appear about 1 um or less in thickness in Figure
5c but less than 0.5 pm thick in Figure 5 d.

X-ray energy dispersive analysis of the perisperm did not
reveal high concentrations of any one element (Fig. 7). Low
levels of K, S, Cl, and Si predominated.

Embryo

The embryo surrounds the quinoa perisperm (Fig. 1b). The
mature embryo is a dicotyledon. Transmission electron micro-
graphs (Fig. 8a and b) of the cotyledonary cells show a com-
plex structure consisting of lipid bodies, protein bodies, nucleus
and other organelles necessary to carry out the degradative and
synthetic functions involved in the transformation of the seed
into a plant. The protein matrix of some protein bodies is granu-
lar suggesting that water imbibition during fixation may have
initiated cytoplasmic changes normally associated with incipient
germination. It is impossible to chemically fix dry seeds without
cell hydration during fixation. The protein bodies usually con-
tain two or more electron transparent globoid inclusions which,
in turn, contain electron dense globoid crystals or voids caused
by the loss of globoid crystals during thin-sectioning. Lott and
Buttrose (1977) have shown that globoid crystals of many seeds
are rich in phytin (a salt of myoinositol hexaphosphate).

The major inorganic elements detected in the embryo by X-
ray microanalysis were Mg, P, S and K (Fig. 9). High cotyledon
phosphorus content is consistent with the hypothesis that phytin
is a major component of protein bodies.

Numerous lipid bodies surround the protein bodies and line
the cell periphery. These irregular shaped structures are 0.5 pm
or less in their longest diameter.

Effects of Germination

During germination, the embryo unwinds and the cotyledons
separate (Fig. 10a). Since quinoa is essentially nondormant (Sim-
monds, 1965), germination was complete within 24 hrs. The
structure of the perisperm did not change dramatically after ger-
mination. The starch granules were more loosely packed within
the cells than in the perisperm of ungerminated fruit, and the
matrix protein was retracted from the starch granules (Fig. 10b).
No evidence of significant erosion of starch granule surfaces
due to amylolysis was observed by SEM. Some large granules
(1 pm or greater) did, however, show evidence of amylotytic
degradation at the hilum (Fig. 10c) and the periphery of the
granules in transmission electron micrographs (Fig. 10d). Sur-
face digestion holes were 40 nm to 120 nm in diameter (Fig.
10d). Preferential digestion at the hilum suggests that this area
is less crystalline than the starch granule periphery.

b

Figure 8. Embryo of ungerminated quinoa. Transmission
electron micrographs in (a) and (b) show protein bodies (pb),
globoid inclusions (G), lipid bodies (L), nucleus (N) and nu-
cleolus (Nu).

Figure 10. Germinated quinoa. After 24 hrs. the embryo of
the seed unwinds and the cotyledons separate (a). Perisperm
cells show retraction of protein from the starch granules (b)
and amylolytic degradation (arrows) at the hilum (c) and
periphery (d) of the granules.
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Quinoa embryo cells (Fig. 11) showed structural changes
typically observed in germinated seeds (e.g. Swift and O’Brien
1972). After 24 hr. germination, most of the protein bodies were
hydrolyzed and the remaining organelles and cytoplasm stained
more faintly than in the ungerminated embryo cells (Fig. 1la).
Cell organelles are surrounded by ribosomes, and many of the
cells contain large central vacuoles resulting from the hydro-
lysis of lipid and protein bodies (Fig. 11b). More lipid bodies
remain in the cytoplasm than protein bodies which suggests that
during germination utilization of protein is more rapid than lipid.

Summary and Conclusions

The fruit of Chenopodium quinoa is consumed in some areas
of South America similarly to our consumption of cereal grains
in the United States. In fact, all of the literature refers to quinoa
as a grain. However, quinoa fruit has some unique chemical
constituents and anatomical characteristics that clearly differ-
entiate it from cereal grains.

Quinoa contains saponins which are bitter and possibly tox-
ic. Unlike tannins in sorghum, quinoa saponins are readily
removed by washing in water and lightly abrading the fruit.
Although the saponins are known to be present in the covering
layers of the fruit (Simmonds, 1965), it is unknown whether
they exist primarily in the perianth or the pericarp. Such infor-
mation would be useful if large scale production and process-
ing of this food were considered.

Like cereal grains, starch is the major constituent of quinoa
fruit. This storage carbohydrate is located in the perisperm rather
than the endosperm. The small polygonal granules in the cells
form compound structures with well-defined oblong shapes.
Only two articles have been published on the physiochemical
characteristics of quinoa starch (Wolf et al., 1950; Atwell et al.,
1983). The authors report different gel characteristics and amy-
lose contents for quinoa starch. Discrepancies may be a reflection
of varietal differences. Further studies are warranted.

Quinoa fruit is essentially nondormant (Simmonds, 1965).
As it imbibes water, germination rapidly ensues, and a drama-
tic reduction in embryo subcellular organization occurs within
24 hr. Unlike many cereal grains, amylolytic action towards
quinoa starch granules is not extensive during germination. Their
polygonal structure, small size and aggregation may deter en-
zyme hydrolysis. Data on cereal starches suggest that some of
these factors affect rates of amylolytic degradation (Sandstedt,
1955, Lineback and Pompipom, 1978; Beleia and Varriano-
Marston, 1981). Additional knowledge concerning the suscepti-
bility of quinoa starch to amylase action would be helpful in
understanding the role of these enzymes in germination as well
as providing information of nutritional significance.
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Discussion with Reviewers

C.F. Earp: What is the approximate proportions of dry weight
of each of the major parts of quinoa?

Authors: No data are available and since the fruits are very
small, special dissecting techniques would be necessary to ob-
tain meaningful data on the relative composition of the compo-
nent parts.

C.F. Earp: What is the difference between a perisperm and an
endosperm?

Authors: The endosperm is formed within the embryo sac. The
perisperm is derived from the nucellus.

D.B. Bechtel: Since the perianth is so thin, delicate and appa-
rently non-continuous, how can you be sure that the X-ray pat-
tern observed in Fig. 4a is truly the perianth rather than the
pericarp “showing” through? How were you able to eliminate
the irregular surface effects on the X-ray pattern?

Authors: A spot X-ray analysis was done on the perianth which
involves analyzing areas the size of the electron beam. Since
the perianth is structurally distinct from the pericarp, it was easy
to differentiate the two structures. The perianth is about 2
microns thick. It is quite unlikely that X-ray photons generated
at depths greater than 2 microns would be detected. Surface
roughness does contribute to variability in X-ray photon col-
lection. This is implicit in all spectra that are generated from
unpolished surfaces which is why we call it qualitative X-ray
analysis.

D.J. Gallant: What kind of breads are made from quinoa?
Authors: No references gave details of the bread preparations.
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