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ABSTRACT

In the 1970s, during excavations at Los Morrillos, San Juan, Argentina, quinoa seeds were found within
ancient pumpkin crocks protected from the light and high temperatures, and preserved in the very
dry conditions of the region. The radiocarbon dates confirmed the age of these seeds at around 2300
years. Sectioning of some of these seeds showed reddish-brown embryos, different from the white
embryos of recently harvested quinoa seeds. The ancient seeds did not germinate. The structure of the
embryo cells was examined using light and transmission electron microscopy; proteins were analyzed by
electrophoresis followed by Coomassie blue and periodic acid Schiff staining and fatty acids by gas chro-
matography. The state of nuclear DNA was investigated by TUNEL assay, DAPI staining, ladder agarose
electrophoresis and flow cytometry. Results suggest that, although the embryo tissues contained very
low water content, death occurred by a cell death program in which heterochromatin density was dra-
matically reduced, total DNA was degraded into small fragments of less than 500 bp, and some proteins
were modified by non-enzymatic glycation, generating Maillard products. Polyunsaturated fatty acids
decreased and became fragmented, which could be attributable to the extensive oxidation of the most

sensitive species (linolenic and linoleic acids) and associated with a collapse of lipid bodies.

© 2016 Elsevier Ireland Ltd. All rights reserved.

1. Introduction

Quinoa (Chenopodium quinoa Willd.) is a pseudo-cereal that
has been grown in the Americas, especially along the Andes, for
over 5000 years. The species has numerous genotypes, which are
well adapted to extreme environmental conditions with regards
to altitude, soil salinity, amount of annual precipitation and min-
imum temperatures [1,2]. The species is valuable because of the
exceptional balance of amino acids in its proteins and nutritionally
favorable lipids stored in the tissues of its embryos as well as due
to the starch stored in its perisperm [3].

In this study, we analyzed archaeological seeds of quinoa found
during an excavation at Los Morrillos, San Juan, Argentina, site iden-
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tified as Gruta 1, BF, 40-50 [4-6]. In the cave, seeds were found
stored within ancient pumpkin crocks protected from light, humid-
ity and high temperature. In this region, the weather is mostly
desert-like with little rainfall and marked temperature ranges, with
remarkable differences in temperature between night and day as
well as between summer and winter, with a significant solar radi-
ation [4-6]. Here, we compared these ancient seeds with quinoa
seeds of two currently cultivated genotypes: Utusaya and PR]. These
genotypes were selected as controls because they are usually grown
in highly contrasting environments and thus were expected to have
constitutive differences in the characteristics of their seeds (prob-
ably covering a wide range of variations). The genotype Utusaya
is found in the Bolivian Altiplano, at 3600-4000 m altitude, and is
adapted to the very arid conditions characteristic of the Altiplano,
with less than 250 mm of annual rain and a minimum temperature
of —1°C; the genotype PR] grows at sea level in the southern region
of central Chile, and is adapted to more humid conditions (800 to
1500 mm of annual rain), and temperatures above 5 °C.

An orthodox seed usually exhibits its maximum germination
potential soon after harvest, and as storage time increases, it loses
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vigor and finally dies. The rate of physiological ageing generally
increases with increased moisture content and temperature. The
ability of an orthodox seed [7] to survive at very low intracellu-
lar water content is the basis for its longevity, maintaining viable
embryos over centuries [8]| or even millennia [9-11]. However,
there are no studies about the type of cell death in tissues of ortho-
dox seeds preserved under gene banks conditions, whose embryos
are constituted by storage tissue i.e. cells with de-differentiated
organelles, absence of vacuoles, and consequently very low water
content, with protein and lipid bodies occupying most of the cel-
lular lumen. It is known that embryos of orthodox seeds always
maintain a certain low level of metabolic activity, which varies
depending on the longevity of the seed [12,13]. Low metabolism
delays ageing but does not prevent seeds from eventually dying.
According to Kranner et al. [14], the mechanisms underlying seed
ageing and death are less understood than seed longevity as a func-
tion of water content and temperature.

The two modes of plant cell death, programmed cell death (PCD)
and necrosis, differ fundamentally in their morphology, biochem-
istry and biological relevance [15]. Accurate identification of the
mode of cell death occurring in a particular situation is a neces-
sary prerequisite to understand the biological process taking place,
specifically differences between PCD and necrosis during storage.
PCD consists of an ordered sequence of cellular events, which
includes the transcription of specific genomic sequences, synthesis
of specific proteases, and activation of nucleases. Extensive liter-
ature exists regarding the associated molecular, biochemical and
morphological changes involved [16-23].

Kranner et al. (2011) reported internucleosomal DNA fragmen-
tation during pea seed ageing and suggested that artificial ageing
induces a complex process of interlinked programmed and non-
programmed events, which lead to cell death. Anyway, the DNA
laddering found in aged and dead pea seeds suggests that degrada-
tive processes during seed ageing at 12% water content involve
enzymatic activity, including that of caspase-like proteins involved
in cell death during dry ageing [14]. Likewise, it is well established
that enzymatic and nonenzymatic products of polyunsaturated
fatty acid oxidation are implicated in essential aspects of cellular
aspects of cellular signaling, including the induction of PCD [24-26].
Glycation also has a fundamental role in many processes leading to
cell death; glycans, either alone or complexed with glycan-binding
proteins, can deliver intracellular signals or control extracellular
processes, which induce the initiation and execution of cell death
programs [25]. On the other hand, necrosis is typically an acute cell
deathresponse that develops rapidly, butis no longer considered an
unprogrammed process [15]. At this time, necrosis remains poorly
characterized at the biochemical and genetic levels, so there are as
yet no molecular markers of necrosis [15,26,27].

Archaeological seeds degrade into small fragments over thou-
sands of years, and the PCR product size decreases to less than
300bp [28]. Different authors [29,30] have reported that the DNA
from charred seeds is often of higher weight than that from speci-
mens that are morphologically well-preserved, i.e. seeds die within
a slow process of PCD. Then, DNA yield and molecular weight are
dependent on the initial condition of the sample and storage con-
ditions that prevent nuclease activity.

We have previously hypothesized that quinoa seeds, an ortho-
dox seed [31-34] under the conditions of preservation of the cave
where they were found, could have maintained their viability for a
long time. If they finally died, then, it might be interesting to find
out what kind of death occurred in the cells of embryo tissues of an
orthodox seed, which lack vacuoles [3].

In the present study, we examined the embryo tissues of the
ancient quinoa seeds found at Los Morrillos and embryos of two
existing quinoa genotypes (PR] and Utusaya), using a range of well-
established markers of PCD such as: (i) morphological changes in

nuclei, mitochondria, plastids, and storage reserves (lipid and pro-
tein bodies), (ii) DNA degradation, (iii) lipid oxidation, and (iv)
protein degradation. The structure of the embryo cells was stud-
ied using light and transmission electron microscopy (TEM) and
proteins were analyzed by electrophoresis followed by Coomassie
blue and periodic acid Schiff (PAS) staining; fatty acid oxida-
tion was studied by gas chromatography: the state of nuclear
DNA was investigated by terminal deoxynucleotidyltransferase-
mediated dUTP-biotin nick end labeling (TUNEL), DNA ladder and
flow cytometry. Then, we discussed about the type of death that
occurred in the embryos of these ancient seeds and finally con-
cluded that it is a non-vacuolar type of PCD, so far not described in
the literature.

2. Material and methods
2.1. Material

Archaeological quinoa seeds were gathered at a burial site from
the Ansilta civilization located in an Andean cave in Los Morrillos,
San Juan, Argentina from Los Morrillos, Gruta 1, BF, 40-50 [4-6];
(Fig. 1). The seeds (approximately 2.5 kg) were found within ancient
pumpkin crocks protected from the light and high temperatures,
and preserved in the very dry conditions of the region (annual rain-
fall ranging from 20 to120 mm; rains occur more often during the
summer). Average temperatures range from 10°C to 35 °C. The site
is at 31°42/, 46.58'1 south and 69°44'13.28'i west, at an altitude of
2935 m above sea level [4,5].

Likewise, seeds of two existing quinoa genotypes, Utusaya and
PRJ, were analyzed as controls (Fig. 1A). The seeds of genotype
PR] were provided by the Bank of Germplasm INIA-Vicuiia, Chile,
whereas the seeds from genotype Utusaya were provided by the
Bank of Germplasm, Universidad Mayor de San Andrés, La Paz,
Bolivia.

2.2. Calculation of radiocarbon dates

The radiocarbon dates were measured by beta counting and
Accelerator Mass Spectrometry (AMS). Beta counters measure the
radioactivity of the sample, whereas AMS determines the ratio of
the three different carbon isotopes in the sample.

2.3. Viability as determined by the
2,3,5-Triphenyl-2H-Tetrazolium chloride (TTC) test and confirmed
by fluorescein diacetate staining

Seeds were soaked in water overnight, and then placed ina 0.1%
tetrazolium chloride solution (2,3,5 triphyenyl tetrazolium chlo-
ride in water) for 3 h at 30°C, according to the recommendation of
The International Seed Testing Association (Supplements 2011 to
ISTA Working Sheets on Tetrazolium Testing, Volume I and II).

Viability was also determined by Fluorescein Diacetate (FDA:
Sigma-Aldrich Co. LLC, C-7521). The FDA stock solution was pre-
pared by dissolving 5 mg of FDA in 1 ml acetone and solution was
stored at —20°C. Fresh sections were obtained with a razor blade
and mounted on slides. Following addition of staining solution
(50 pmol), sections were incubated at room temperature for 5 min
in the dark. After that, the staining solution was removed with
PBS and then analyzed with fluorescent microscopy. A FDA filter
set (excitation 488 nm, emission 530 nm) was used to examine the
samples.

2.4. Germination and humidification treatment (priming)

Seeds of the three genotypes were tested for germination on
top of three pieces of filter paper moistened with 3.5 cm? distilled-
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Fig. 1. Panel A. Embryos, seeds and fruits from PR] (left), Utusaya (center) and
archaeological (right) seeds. Bar: 2 mm. Panel B. PR] (left), Utusaya (center) and
archaeological (right) seeds after tetrazolium treatment. Bar: 2 mm. Panel C and Ci.
PR] (left), Utusaya (center) and archaeological (right) seeds after FDA treatmenti: C,
treated seeds; Ci. Controls. Bar: 2 mm.

deionized water in 6-cm-diameter Petri dishes at 25°C+1°C and
16 h fluorescent light/8 h dark for 6days. Three replicates of 50
seeds were used for each genotype.

The effect of priming on the germination of archaeological seeds
was tested. Three seed lots were used for each genotype. Seeds were
maintained in a saturated atmosphere (100% relative humidity), at
25°C.

2.5. Sample preparation for light microscopy and transmission
electron microscopy (TEM)

For histological analysis, and TUNEL assays, quinoa seeds
and isolated embryos (Fig. 1) were fixed for 4h at 4°C in 4%
paraformaldehyde with 0.1 M phosphate buffered saline (PBS) (pH
7.2), dehydrated in a graded ethanol series (30%, 50%, 70%, 90%,
100%) and embedded in LRW resin (Polyscience Inc., Warrington,
PA, USA; 17411) as previously described [35]. Semi-thin sections
(1 wm thick) were mounted on glass slides, and either stained with
0.5% toluidine blue O (Sigma-Aldrich, St. Louis, MO, USA) in aqueous
solution or used without staining.

For subcellular analysis, small embryo fragments (1 mm?3) were
fixed for 2h at 4°C using 2.5% glutaraldehyde in 0.1 M PBS, pH
7.2. They were post-fixed later in 1% 0sO4 in the same buffer
for 60 min, dehydrated in a graded ethanol series followed by
an ethanol-acetone series and embedded in Spurr’s resin (Sigma-
Aldrich). Ultrathin sections were obtained with an ultramicrotome
(Reichert-Jung, Vienna, Austria) using a diamond knife, mounted
on grids coated with Formvar (Polyscience Inc.), stained in uranyl
acetate followed by lead citrate (EMS, Hatfield, PA, USA), and
examined in a Zeiss M109 turbo (Zeiss, Wiesbaden, Germany)
transmission electron microscope operating at an accelerating volt-
age of 90 kV.

2.6. DNA isolation and analysis

Genomic DNA was isolated from 50 mg seeds of the three geno-
types (PR], Utusaya and archaeological seeds) using the DNeasy
plant mini kit (Qiagen, Germany). Yield and quality of the DNA
obtained were assessed in a NanoDrop spectrophotometer (Thermo
Scientific NanoDrop 2000c). A 1.5-pg aliquot of DNA was separated
from each genotype on a 0.8% (w/v) agarose gel, and stained with
ethidium bromide (final concentration: 0.5 wg/ml). A 1-kb DNA lad-
der (Genbiotech, Buenos Aires, Argentina) was used as a reference.

2.7. Flow cytometry analysis

Embryos were dissected and chopped with Otto I extraction
buffer and the nuclei-containing suspension was passed through a
50-pm filter. Then, nuclei were stained with two volumes of Otto II
staining solution containing propidium iodide [36,37]. After gently
shaking the solution, samples were analyzed with a flow cytometer
(CyFlowPloidyAnalyser, Partec). Single-parameter histograms dis-
played a single measurement parameter (relative fluorescence) on
the x-axis and the number of events (cell count) on the y-axis.

2.8. TUNEL assay

DNA fragmentation was detected by TUNEL using the in situ
Cell Death Detection Kit, Rhodamine (Roche). Cross sections were
obtained as described above. TUNEL was performed according to
the manufactureris instructions. Briefly, sections were permeabi-
lized with 20 jug ml-1 proteinase K for 20 min at room temperature
and washed four times with PBS. The labeling reaction was per-
formed at 37°C in a dark, humid chamber for 1h. A negative
control was included in each experiment by omitting Terminal
deoxynucleotideTransferase (TdT) from the reaction mixture. As
a positive control, permeabilized sections were incubated with
DNase I (3U/ ml) for 15 min before the TUNEL assay. The sections
were mounted using Citifluor™ mounting medium (EMS).

Control treatments were conducted for each set of slides. TUNEL
was absent when TdT was omitted (data not shown). In positive
controls previously treated with DNase, all nuclei were labeled,
thus validating the procedure.
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Images for histological analysis and TUNEL were obtained
by light microscopy and epifluorescence with an Axioskope 2
microscope (Carl Zeiss, Jena, Germany). A rhodamine filter (exci-
tation/emission: 577/590) was used to examine the samples.
Images were captured with a Canon EOS 1000 D camera (Tokyo,
Japan) and analyzed using the AxioVision 4.8.2 software pack-
age (Carl Zeiss). Counterstaining was done with 0.02mgml-!
4’ ,6-diamidino-2-phenylindole (DAPI) staining [22]. A DAPI filter
(excitation 340-390 nm, emission 420-470 nm) was used to exam-
ine the samples. Images were captured with a Canon EOS 1000
D camera (Tokyo, Japan) and analyzed using the AxioVision 4.8.2
software package (Carl Zeiss).

2.9. Protein analysis

Seeds (500 mg dry weight) were ground to a powder. The flour
was diluted in 1 ml miliQ water. The homogenate was incubated
for 1h at 4°C. The extracts were centrifuged for 10 min at 12,000g,
at 4°C, and the supernatant was collected to eliminate tissue
debris (Fraction 1). This step was repeated and the pellet was sus-
pended in NaCl 0.5 M, incubated for 1 h at 4°C, and centrifuged; the
supernatant was then collected (Fraction 2). The pellet was next
suspended in 0.3 N NaOH, incubated for 1 h at 4°C, and centrifuged
at 12,000g; the supernatant was collected (Fraction 3). The pel-
let was suspended in a buffer containing 50 mMTris-HCI pH 6.8,
2% SDS, 0.5% beta-mercaptoethanol and 8 M Urea, and then incu-
bated for 1hat 4°C, and centrifuged at 12,000g; the supernatant
was collected (Fraction 4).

Fractions 1 to 4 were precipitated with 22.5% TCA
(trichloroacetic acid), 1ml+750 TCA (50%) for 48h at 4°C.
The samples were first centrifuged at maximum speed at 4°C
for 10 min; the supernatant was discarded. Subsequently, the
pellet was rinsed four times with cold acetone and left to dry
at 4°C overnight. The proteins were resuspended in 250 .l of
a 50mM Tris-HCl buffer pH 6.8 containing 2% SDS, 0.5% beta-
mercaptoethanol and 8 M Urea and incubated overnight. Then,
the extracts were electrophoresed, and 15 wl of each fraction was
sown on an SDS-polyacrylamide gel 12.5% (SDS-PAGE, Bio-Rad
system) and stained with Coomassie brilliant blue. For glycoprotein
detections, gels were stained using the periodic acid-Schiff reagent
[38]. A PageRuler™ Prestained Protein Ladder, 10 to 180kDa
(Fermentas, USA) was used as molecular mass standard.

2.10. Fatty acid analysis

The Bligh & Dyer method [39] with minor modifications was
used to extract the lipid fraction from quinoa seeds for fatty acid
analysis. Quinoa seeds (2 g) were milled in an ULTRA-TURRAX Tube
Drive system (IKA, Staufen, Germany) with stainless steels balls
at 6000rpm for 3min to obtain fine flour. After that, 5.7 ml of
methanol, 2 ml of ultrapure water and 2.35 ml of chloroform were
added. The mixture was homogenized for 2 min, and 3 ml of ultra-
pure water and 3.6 ml of chloroform were added and homogenized
for 2 min. The mixture was transferred to a separate funnel. The
bottom phase containing oil in chloroform was separated and des-
orbed by solvent evaporation under nitrogen flow at 40°C until
constant weight. The extracted oil was stored at —18°C under a
nitrogen atmosphere in sealed vials.

Fatty acid composition was determined by gas chromatogra-
phy after derivatization of extracted oils to fatty acid methyl esters
(FAME) according to the AOAC Official Method 19TH EDITION, 2012.
An Agilent 6850 gas chromatography system (Agilent, Santa Clara,
CA, USA) with a split injector, a fused silica capillary column coated
with poly (biscyano) propyl siloxane (60 m in length, 0.25 mm i.d.,
0.20Im film thickness, SP-2340 Supelco) and a flame ionization
detector was used. Helium was used as a carrier gas at a flow

rate of 0.6 ml/min. The injector temperature was 260 °C. The initial
oven temperature was held at 140°C for 5min and then a tem-
perature gradient from 140°C to 240°C at 4°C/min was applied.
Identification of FAME was based on the retention time of stan-
dard esters (Supelco 37-component FAME Mix, Bellefonte, PA, USA).
Peaks were integrated using the ChemStation software (Santa Clara,
CA. USA). Assuming that the content of FAME was close to the sam-
ple weight (100%), the fatty acid profiles were expressed as a methyl
ester percentage of the total area of the chromatogram.

3. Results
3.1. Age, viability and germination ability of seeds

The radiocarbon dates, as measured by beta counting and AMS,
were Beta-147321=2300 4+ 60 BP.

The TTC test was used to prove seed viability (Fig. 1B). After
the TTC treatment, both PR] and Utusaya white embryos produced
a normal red color, demonstrating dehydrogenase activity. The
brown embryos of the archaeological seeds did not become stained,
maintaining the original brown color, which indicated that these
enzymes had been denatured or degraded.

Fluorescein diacetate (FDA) was also used to prove seed viabil-
ity (Fig. 1C-Ci). FDA is a cell-permeant esterase substrate, which
can serve as a viability test that measures both enzymatic activity,
which is required to activate its fluorescence, and cell-membrane
integrity, which is required for intracellular retention of their flu-
orescent product. After the FDA treatment, both PR] and Uusaya
embryo tissues exhibited yellowish green fluorescence, proving
esterase activity (Fig. 1C). Conversely, the embryos of the archaeo-
logical seeds did not become fluorescent (Fig. 1C).

Both control genotypes showed 70.4% +4.78 and 88.17 +£4.85
(means +SD) total germination, respectively. In contrast, the
ancient seeds did not germinate, even when subjected to priming.

3.2. The TEM (transmission electron microscopy) study revealed
the severity of the cellular damage

The embryos of the control seeds exhibited the characteristics
of the embryo tissues previously described for other quinoa geno-
types [3]: the cell lumen was almost fully occupied by protein
and lipid bodies and the cytoplasm was a network around them
(Fig. 2 panel A). Protein bodies contained one or more globoids in
their protein matrix; also, they often showed empty areas, which
had been previously occupied by the globoid crystals before they
were dissolved during fixation (because the fixation procedure may
extract phytates), or chipped out during sectioning. Plastids and
mitochondria were dedifferentiated (Fig. 2e-h). The nuclei dis-
played heterochromatin and the nucleolus stained strongly (Fig. 2
i); no plasmolysis or exocytosis was detected (Fig. 2a-d,i).

The embryo tissues of ancient seeds, as analyzed by light
microscopy, did not seem very different from the controls (Fig. 2j-1).
In fact, protein and lipid bodies and nuclei with nucleoli were
all detected in the different tissues of the archaeological embryos
(Fig. 2j-1). The protein bodies looked compact and remained visu-
ally unaltered, containing the empty areas corresponding to the
crystal globoids (Fig. 2 j-1). However, the TEM analysis revealed key
differences that were not visible by light microscopy, as follows:
(i). Cells were plasmolyzed and cell walls were strongly degraded
(Fig. 2, panel B j-n, asterisk). (ii). Lipid bodies collapsed (Fig. 2
m-r). (iii). The stroma of mitochondria and chloroplasts stained
strongly and, consequently, neither phytoferritin of proplastids nor
cristae of mitochondria were detected; only the size (smaller) of
mitochondria remained the same, which allowed identifying them
(Fig. 2p-q). (iv). Nuclei preserved their lobed form, but lobes were
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Fig. 2. Panel A. Light microscopy (LM) micrographs: (a). Median section of PR] cotyledon. (b) Utusaya cotyledon. (c) Utusaya axis. (d-f) Transmission electron microscopic
(TEM) micrographs of sections of Utusaya and (g-i) PR] embryo tissues. (d-f) Section of ground meristem, and (g-i) leaf spongy tissue. Protein bodies (pb) of figures d and g
contained globoid crystals (gc) or empty areas, which contained globoid crystals before they were dissolved during fixation or chipped out during sectioning. In figures e-h,
proplastids (pp) contained clusters of particles of phytoferritin (pf) and some vacuole-like structure. In figures e-i, lipid bodies (Ib) can be seen turgid, polygonal and circular
in shape. In d and i, the nucleus with nucleolus (nu), nuclear membrane (nm), and chromatin (ch) can be observed. In figures f-g, several mitochondria (mi) are grouped.
Cells are not plasmolyzed, and cell walls (cw) are compact and the middle lamella is always observed. Bars: a-c: 20 wm; d. 2 pwm; e,-f: 100 nm; g-i: 200 nm.
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marked more deeply (Fig. 2q). Also, nuclei conserved the nuclear
membrane and nucleolus, but heterochromatin was not detectable
(Fig. 2r).

3.3. In archaeological seeds, DNA degraded into small fragments

DNA integrity was evaluated by agarose gel electrophoresis,
TUNEL assays, and flow cytometry (Fig. 3). In control seeds, the
extracted DNA produced one well-bound band of high-molecular
weight, without traces of fragmentation (Fig. 3, Panel A). As
opposed to control seeds, the DNA extracted from the dead ancient
seeds formed a thick band with diffuse edges, and molecular weight
below 540 bp. The presence of this band, which is formed by the
migrating fragments of low molecular weight, is a clear demon-
stration of cell death and an endpoint of nuclear DNA degradation
(Fig. 3, Panel A).

In nuclei of archaeological embryos, the fluorescein-dUTP-
labeling assay did not detect nuclear DNA cleavage (Fig. 3, panel
B). The absence of reaction in the nuclei of archaeological embryos
and their positive control can be attributable to the strong DNA
fragmentation. On the other hand, the TUNEL assay did not detect
fluorescence in the nuclei of PR] and Utusaya embryos (Fig. 3, panel
B),butdid sointheirrespective positive controls, staining the nuclei
ofall cells.In the ancient seeds, DAPI staining confirmed the absence
of DNA with high molecular weight as well as the state of deteri-
oration of the residual DNA; in fact, while the nuclei of Utusaya
and PR] embryos exhibited strong fluorescence, the nuclei of the
archaeological embryos showed no fluorescence.

In control seed embryos (Utusaya and PR] genotypes), flow
cytometry revealed two clear peaks, which were related to 2C and
4C values: 2C indicates the DNA level corresponding to the diploid
state of the genome (G; phase of the cell cycle), whereas 4C indi-
cates the ability of cells to enter the M stage of the cell cycle (i.e. G,
phase of the cell cycle) (Fig. 3, Panel C).

In ancient seed, dead embryo cells produced a broad area formed
by very low peaks which could be related to 4C, 2C and sub-G4 val-
ues (Fig. 3, Panel C). The presence of sub-diploid peaks in the DNA
fluorescence histogram is a specific marker of DNA degradation
[40].

TEM analysis, agarose gel electrophoresis, TUNEL, DAPI, ladder
assays, and flow cytometry, each by itself but also complementarily,
conclusively confirmed the occurrence of a program of cell death
which occurred at some time within the long time elapsed.

3.4. During the storage time, some proteins were modified by
non-enzymatic glycation

The different protein fractions of the major storage proteins
were sequentially extracted from the archaeological seeds and the
control genotypes PR] and Utusaya. The procedure was based on
water (fraction 1), saline (fraction 2), and alkaline (fraction 3) solu-
bility. In addition, a fraction was obtained using a strong denaturant
and reducing buffer containing SDS, beta-mercaptoethanol and
urea (fraction 4). It should be noted that water is the best buffer to
solubilize albumins while high salt concentrations favor the extrac-
tion of globulins. The compositions of the resulting four protein
fractions were analyzed by SDS-PAGE and stained with Coomassie
brilliant blue to detect proteins (Fig. 4A) and PAS reagent to reveal
protein glycation (Fig. 4B).

As shown in control seeds (Fig. 4A, lanes 1 and 2), the pro-
teins were resolved into distinct bands that spanned a broad
range of molecular weights from 10 kDa to > 100 kDa. Both controls
showed major bands of: (i) 58, 36, 34, 31, 24 kDa (water-soluble
proteins); (ii) 58,40, 38,36, 31, 20, 18, and 14-13 kDa (high salinity-
soluble proteins) and (iii) 73, 66, 34, 20, 18 kDa (denaturant and
reducing buffer-soluble proteins). Some differences in the band
patterns between the genotypes used as controls were evident:
genotype Utusaya showed a band of 38 kDa, whereas genotype PR]
showed two bands of 40 and 36 kDa. The highest protein bands,
here detected in both controls, would correspond to albumin frac-
tions followed by globulins, which were obtained in fraction 2 and
(traces) fraction 4. Globulins are characterized by having two het-
erogeneous sets of polypeptides in the size ranges: 30-40 kDa and
20-25kDa, which are joined by disulfide bonds in the native pro-
tein [41]. Polypeptides in the 30-40 kDa and 20-25 kDa size ranges
(obtained mostly from the saline-soluble fraction) would corre-
spond to different isoforms of the 11S globulin, called chenopodin,
which were previously described in embryos of C. quinoa by Brine-
gar and Goundan [42]. Likewise, the globulins of 36, 38 and 40 kDa
above-mentioned had been previously reported by Fairbanks et al.
[43] as very variable within and among different quinoa accessions.

Some bands of globulins in the saline-soluble fraction were
revealed as glycated when gels were stained with the PAS reagent
(Fig. 4B). Compared to controls, the corresponding profile of the
archaeological seed proteins (Fig. 4A-B, lane 3) revealed sub-
stantial differences, which can be summarized as follows:(i) No
bands were detected in water- and saline-soluble fractions. (ii) A
general reaction with barely defined bands (35, 22 and 18 kDa)
was detected weakly in alkaline-soluble fraction and strongly in
the denaturant and reducing buffer-soluble fraction (fractions 3
and 4, respectively). (iii) A thick deposit of material of very high
molecular weight, consistent with non-specific cleavage, and pro-
tein crosslinking, characteristic of non-enzymatic glycation, were
observed at the boundary between the stacking and resolving gels
in the lanes where the denaturant and reducing buffer fractions
had been loaded and the gel stained with Coomassie blue (frac-
tion 4). When the gel was stained with the PAS reagent to detect
glycosylated proteins, denaturant and reducing buffer-soluble frac-
tion, and also the water- and alkaline-soluble fractions showed
that these deposits were mainly composed of glycosylated proteins
(Fig. 4B). Then, the glycation that had occurred in the storage pro-
teins of archaeological embryos can be associated with the Maillard
reaction, which did not alter the morphology of the protein bodies
(Fig. 2j—p) but caused browning of embryonic tissues (Fig. 1).

3.5. Unsaturated fatty acids decreased or became fragmented by
oxidation

The fatty acid composition of the archaeological seeds and of
the control genotypes PR] and Utusaya was determined by gas
chromatography after derivatization of extracted oils to FAME. The
profiles of polyunsaturated fatty acids of the archeological seeds
and controls showed significant differences (Table 1), caused by
oxidation of the most sensitive fatty acid species (C18: 3, linolenic
and C18: 2, linoleic). The main differences detected were: (i)
decrease in the relative percentage of polyunsaturated fatty acids;
(ii) relative increase in the percentage of the fractions of saturated
fatty acids; and (iii) presence of the signal (only detected in the
archaeological seeds) corresponding to caproic acid (C6:0), con-

Panel B. (j-1). LM micrograph of an archaeological embryo. (j) Embryo median section; (k) Cotyledon section. (1) Axis section. (m-r). TEM micrographs of sections of archae-
ological embryo tissues. (m-o0). (m) Ground meristem. (n) Procambium. (o) Protodermal and spongy tissues of cotyledon. (p), Subcellular details of m. (q-r) Subcellular
details of o. Details show plasmalemma (pm) partially separated from cell walls (cw) and lipid bodies (Ib) strongly collapsed; q, mitochondrion (mi) and proplastids (pp)
very degraded, i. the nucleus with nucleolus (nu) and nuclear membrane (nm), but absence of chromatin. Bars: j: 500 pm; k-1: 50 wm; m-o: 2 wm; p—q: 200 nm; r: 100 nm.
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Fig. 3. Panel A. Nucleic acid integrity in embryo tissues as evaluated by agarose gel electrophoresis.PR] (lane 1), Utusaya (lane 2) and archaeological (lane 3) embryos.

Panel B. TUNEL analysis: Nuclei with fragmented DNA were detected only in the TUNEL-positive controls of control genotypes. In the first column, nuclei are seen by
fluorescence (excitation 340-390 nm, emission 420-470 nm) after DAPI staining. In the second column, tissues are seen by phase contrasting. In the third column, tissues are
seen by fluorescence (excitation/emission: 577/590) after TUNEL treatment. a-aii. PR] cotyledons; b-bii. Utusaya cotyledons; c-cii. Archaeological cotyledons; d-dii. Positive

control in a section of Utusaya cotyledons. Bars: 100 pum.

Panel C. Flow cytometric measurement of mean nuclear ploidy at PCR, Utusaya, and ancient embryos from mature seeds. Histograms show the C-DNA levels. The x-axes are
the log of the fluorescence intensity: 2C peak corresponds to the diploid state of genome (G; phase of the cell cycle); 4C peak indicates the G, phase of the cell cycle. The

y-axes represent the cell counts (number of events per channel) in a period of time.

firmed by gas chromatography/mass spectrometry analysis, and
attributable to the fragmentation of long-chain fatty acids gener-
ated after extensive oxidation.

In this way, these differences detected in the profile of the
fatty acids of the archeological embryos correlated with the above-
mentioned collapse of the lipid bodies (Fig. 2m-r).

4. Discussion

According to Zazula et al. [44], the oldest independently dated
ancient seeds known to have germinated and grown into full plants
include an ~2000-year-old date palm (Phoenix dactylifera L.) seed

excavated from near the Dead Sea [9] and an ~1300- year-old lotus
(Nelumbo nucifera Gaertn.) seed from China [10,11]. Data on seed
germination of ancient seeds, even after ~30,000 years, either are
erroneous (as the case of the Arctic lupine seeds reported by Por-
sild et al. [45] or need to be independently dated (as the cases of
Siberian champion and Persicaria [46], all of them permafrost pre-
served [44]. Here, we report quinoa seeds found at Los Morrillos,
San Juan, Argentina, stored within ancient pumpkin crocks pro-
tected from light and high temperature. The radiocarbon dates, as
measured by beta counting and AMS, confirmed the age of these
seeds at 2300 + 60 years. The percentage of germination, before and
after priming treatment, was 0% and seeds proved to be unviable.
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Fig. 4. Sequential SDS-PAGE of quinoa embryo protein fractions: water-, saline-, alkaline- and denaturant and reducing-soluble fractions (fractions 1 to 4, respectively). In all
fractions, lanes 1 and 2 correspond, respectively, to genotypes PR], and Utusaya, both used as controls; lane 3 corresponds to the archaeological embryos. Gels were stained

with: A. Coomassie blue reagent. B. PAS reagent.

Table 1

Fatty acids in Utusaya, PR] and archeological mature embryos, as determined by gas chromatography after derivatization of extracted oils to fatty acid methyl esters (FAME)

according to the AOAC Official Method — 2012.

Fatty acids in quinoa mature embryos of three genotypes (methyl ester percentage of the total area of the chromatogram)

Lipid name Fatty acid common names Utusaya embryos PRJ embryos Archaeological embryos
C6:0 Caproic acid 0 0 3.35+0.14
C14:0 Myristic acid 0.124+0.00 0.334+0.01 0.67+0.01
C16:0 Palmitic acid 9.42+0.10 11.154+0.09 34.87 +£0.15
C16:1 Palmitoleic acid 0.27 £0.00 0.22+0.05 0.56 +0.02
C18:0 Stearic acid 1.13+0.01 1.00+0.00 3.91+0.04
C18:1 Oleic acid 27.76 £0.01 15.07+ 0.02 37.32+0.10
C18:2 Linoleic acid 43.05+0.08 59.24+0.16 2.9440.08
C18:3 Alpha-linolenic acid (ALA) 10.38 +£0.04 7.08 £0.01 0

C20:0 Arachidic acid 0.96 +0.02 0.87+0.01 4.40+0.10
C20:1 Eicosenoic acid 1.86+0.03 1.24+0.00 3.33+0.03
C22:0 Behenic acid 0.96 +0.02 0.87 £0.01 4.40+£0.06
C22:1 Erucic acid 3.70+0.15 2.80+0.03 3.84+0.05
C24:0 Lignoceric acid 0.46 £0.01 0.43+£0.01 2.194+0.17

The nucleus is the main target of the cell degradation machinery
during PCD. Nuclear degradation processes encompass chromatin
events (i.e., chromatin degradation and DNA fragmentation) and
nuclear envelope events (i.e., lobbing of the nuclear surface and
disassembly of the nuclear pore complex) which occur simultane-
ously in the same cell [17,47]. There are yet no reports on changes
in the storage cells of orthodox seed tissues throughout the years
of storage or on the MCP that occurs in these tissues.

According to Gilbert et al. [48,49], the relative rates of vari-
ous types of DNA damage and their mode of accumulation remain
poorly characterized. DNA damage accumulates over time in dead
or dormant cells due to factors such as spontaneous hydrolysis
and oxidation, and consequently most ancient specimens con-
tain only fragments in the 100-500 bp size range [50-53]. Here,
we investigated nuclear degradation by TEM and specifically DNA
fragmentation by TUNEL, genomic DNA electrophoresis and flow
cytometry.

Results were as follows: (i) the analysis by TEM demonstrated
that nuclei had retained their shape and size, preserved the nuclear
membrane and the nucleolus, but also that heterochromatin den-
sity had been dramatically reduced; the cell death program was
different from the autolytic process occurring during the devel-
opment of water-vacuolated cells of cowpea seed coats, in which
nuclear membranes lose their viability and oligonucleosomes accu-
mulate in the cytoplasm [54]; (ii) nuclei showed TUNEL-negative

labeling in all embryonic cells, which we interpreted as represent-
ing the high damage that affects the DNA molecule;(iii) a thick
band with diffuse edges, with molecular weight lower than 540 bp,
was evident in the electrophoretic run; and (iv) the flow cytomet-
ric study did not detect remarkable peaks but identified a general
noise and within it, small peaks which corresponded to the 2C and
4C control embryos values, and also identified several other small
sub-Gq peaks.

Concerning the latter point, DNA replication is discontinuous
during the cell cycle [55] and thus lays the basis for subdivision of
the cell cycle into four major phases: presynthetic interphase or
gap 1 (Gq phase), DNA synthesis phase (S phase), post-synthetic
interphase or gap 2 preceding mitosis (G, phase), and mitosis (M
phase). All these phases can be identified by a distinct nuclear DNA
content of the cells. During the S phase, chromosomal DNA is dou-
bled and therefore cells are characterized by a gradual increase in
DNA content from the basic value, which is referred to as the 2C
level, to the 4C level [55]. During the M phase, when sister chro-
matids separate in anaphase, the DNA content drops to the 2C level
in the two newly formed daughter cells. In this study, we identi-
fied a clear difference between the histograms of control embryos
(PRJ and Utusaya) and those of embryos of the ancient seeds. Two
peaks (2C and 4C) were clearly detected in control embryos, which
correspond, respectively, to the G; and G, stages of the mitotic
cycle [56]. In archaeological embryos the histogram coincides with
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others obtained during apoptosis in other systems [40,57]. Accord-
ing to Nicoletti et al. [40], the presence of cells with DNA stain
ability lower than that of Gy-cells (sub-G; peaks) is considered a
marker of cell death by PCD. In animal cells, the appearance of a
sub-diploid DNA peak is a specific marker of apoptosis; necrosis
induced by metabolic poisons or lysis produced by complement
does not induce any sub-G; peak in the DNA fluorescence his-
togram; the sub-G; peak can also represent mechanically damaged
cells, cells with reduced chromosome number (aneuploid cells) and
isolated apoptotic bodies. The reduced stainability of apoptotic cells
is the direct consequence of partial DNA loss due to the activation of
endogenous nucleases and diffusion of low-molecular weight DNA
(as oligonucleosomes and mononucleosomes) outside the cells.

As opposed to control seeds, the DNA extracted from the dead
ancient seeds formed a thick band with diffuse edges and a molecu-
lar weight below 540 bp. The presence of this band, which is formed
by the migrating fragments of low molecular weight, is a clear
demonstration of cell death and an endpoint of nuclear DNA degra-
dation (Fig. 3, Panel A).Further studies are required to obtain more
information about this response, specifically in the probable oxi-
dation of a high proportion of cytosine and thymine bases in DNA
over time after the death. We hypothesized that such modifications
would block DNA polymerases [47], preventing TUNEL reaction.
Finally, DNA did not react to DAPI staining. This response suggests
that DNA fragmentation and deterioration were extensive.

During seed ageing, changes in linolenic and linoleic acids serve
as sensitive indicators of the lipid oxidation process [58-60]. Oxi-
dation results in a marked decrease in the percentage of linoleic
and linolenic acids, to a lesser extent for the latter, as well as in
a slight increase in the relative percentage of most saturated fatty
acids [61-65]. In this study, we detected significant differences in
the profiles of polyunsaturated fatty acids between archeological
seeds and controls (Table 1), as follows: (i) a decrease in the relative
percentage of polyunsaturated fatty acids; (ii) a relative increase in
the percentage of the fractions of saturated fatty acids; and (iii) the
presence of the signal (only detected in the archaeological seeds)
corresponding to caproic acid (C6:0), which can be attributable to
the fragmentation of long-chain fatty acids generated after exten-
sive oxidation. Here, it was possible to infer that the oxidation
of fatty acids was associated with the collapse of lipid bodies, as
observed by TEM (Fig. 3m-r).

Maillard reactions include spontaneous reactions of reducing
sugars with the primary amino groups of proteins and nucleic acids
[27]. Non-enzymatic degradation of DNA is initiated by cleavage of
the N-glycosidic bond between the sugar backbone and the base;
further degradation, through oxidative reactions, leads to excision
of the sugar-phosphate backbone, causing single- and double-
strand breaks, chemical modification of bases and the crosslinking
of carbonyl and amine groups [66]. Maillard reactions perpetuate
degradation of DNA fragments into so-called advanced glycosyla-
tion endproducts [66]. Such Maillard products have been found in
artificially aged quinoa [33] and wheat [67] seeds, among others.
In aged quinoa seeds, Castellién et al. [33] demonstrate that pro-
tein deterioration, insolubility and Maillard product accumulation
are the main causes of viability loss during storage. According to
Bernal-Lugo and Leopold [68], protein modification is a process that
can occur slowly in dry systems, and might be expected to con-
tribute to dynamic ageing. In dry seeds, protein modification can
take place through non-enzymatic glycation with reducing sugars
[69] and/or by reacting with «, 3-unsaturated aldehydes, which are
products of the free radical-mediated oxidation of polyunsaturated
fatty acids [70,71]. Also, i, B-unsaturated aldehydes may react with
the sulfhydryl groups of proteins to form stable thio-ether deriva-
tives that possess a carbonyl function [72,73]. Here, we were not
able to determine how glycation occurred along the time that seeds
were stored, but found that, in addition to DNA fragmentation, pro-

teins degraded and glycated, forming Maillard products. Likewise,
ageing leads to changes in bean seed coat and browning increases
with the duration of ageing, and the reaction of Maillard has been
proposed to be responsible for browning [74].

The archaeological embryos here studied exhibited the typical
brown color of aged tissues by the Maillard reaction (Fig. 1C). On
the other hand, this reaction did not alter the morphology of the
protein bodies (Fig. 3j—p), indicating that glycation was an in situ
reaction. Here, it should be noted that, except for references to some
modifications in membranes of human cells, there are no previ-
ous reports on changes in cell structures as a consequence of the
Maillard reaction.

In summary, it is possible to infer that, at some time during the
storage period, a PCD process started and ended. The process led
to the reduction of heterochromatin density and total DNA degra-
dation into small fragments (less than 500 bp), as revealed by the
ladder analysis, protein glycation and fatty acid oxidation. The pro-
cess observed is not necrosis because ifit were, it would be expected
that the fully collapsed heterochromatin had persisted inside the
nucleus, and also that the DNA band, as revealed by DNA ladder,
had exhibited a size close to that of the control. Even more, necrotic
cytological hallmarks include mitochondrial swelling, the absence
of growing lytic vacuoles and an early rupture of the plasma mem-
brane [15]. In the cytoplasm of quinoa embryos here studied there
are no lytic or non-lytic vacuoles; specifically in the case of the
archaeological embryos, similar to that reported in necrosis, dead
cells remained barely processed for 2300 years; then, we conclude
that death occurred according to a program of PCD probably similar
to what occurs in any orthodox seed during seed bank storage.

DNA yield and molecular weight are dependent on the initial
condition of the sample and storage conditions that prevent nucle-
ase activity. According to Walters et al. (29), DNA in seeds degrades
into small fragments over thousands of years, and the PCR product
size in ancient seeds will decrease to less than 300 bp. As an exam-
ple, the DNA from badly charred seeds is often of higher quality than
that from specimens that were morphologically well-preserved
[30,31].Itis possible that charred seeds were sterilized by heat, and
that the initial and dramatic degradation of DNA at high tempera-
tures may have been balanced in the long term by the inhibition of
the PCD process. Hence, specifying whether the death was necrotic
or within a PCD is an important issue to define the potential use of
DNA for studies of phylogeny or conservation.
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