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Abstract. One factor conditioning quinoa (ChenopodiumquinoaWilld.) adoption is the need to increase yield. This paper
analyses the effect that Paclobutrazol, a GA synthesis inhibitor, produces on yield, biomass, partitioning, seed number and
weight in quinoa. Two experiments were conducted under field conditions: one compared a tall genotype (2-Want) with a
shorter genotype (NL-6); while the other analysed seed yield and its components using the 2-Want genotype. As a
consequence of Paclobutrazol application in the one-genotype experiment, plant height decreased from197 to 138 cm, yield
increased from 517 to 791 gm–2, seed numbers rose from 308 000 to 432 000 seeds perm2, and the harvest index increased
from 0.282 to 0.398 g g–1. Biomass accumulation and seed weight were not affected. The leaf area index was reduced by
Paclobutrazol but radiation interception was only marginally reduced; soil plant analysis development (SPAD) values and
specific leafweightwere increased, but radiationuse efficiencywasnot affectedby treatments.Root biomass and lateral roots
tended to increase under Paclobutrazol treatment.Genotypeswere compared until the end offlowering and similar responses
were obtained. Higher yields could be obtained in quinoa if reproductive partitioning was increased, turning it into a good
candidate in the search for high quality protein sources.

Additional keywords: floral development, harvest index, panicle growth, plant growth regulators, root growth,
seed number.

Introduction

One of the most outstanding crop breeding achievements during
the 20th century was the development of semi-dwarf wheat
(Triticum aestivum L.) and rice (Oryza sativa L.) cultivars,
which allowed crop production to cope with population
growth and led some developing countries to become self-
sufficient in the production of these crops, as described by one
of its main participants (Borlaug 2007). Besides wide adaptation,
the main trait affected by breeding was plant height, which was
achieved through the introgression of genes that impaired GA
biosynthesis (GA biosynthesis mutants) or interfered with the
GA signal transduction pathway (GA sensitivity mutants)
(Chandler and Robertson 1999; Peng et al. 1999; Rebetzke
and Richards 2000; Silverstone and Sun 2000; Hedden 2003;
Swaminathan 2006).

Understanding yield determination from a crop physiology
standpoint was greatly improved by using a top-down approach
(e.g. Passioura 1981; Slafer and Savin 2006) and recognising the
existence of a critical period for yield determination, the crop
cycle window when yield is most sensitive to environmental
factors (Fischer 1985; Slafer and Savin 2006; Slafer et al. 2006).
Using a top-down approach, crop yield is explained as the

product of final crop aerial biomass and the harvest index (HI).
For cultivars growing under optimal conditions (no water or
nutrient limitation), radiation is the driving force of crop
growth. Biomass accumulation depends on the amount of
incident radiation intercepted by the crop canopy and on
radiation use efficiency (RUE, g aerial biomass per unit of
intercepted radiation, gm–2MJ PAR–1). Intercepted radiation
during the crop cycle, as well as crop duration and daily
incident radiation, depends on radiation interception efficiency
(RIE), which is determined by the leaf area index (LAI, the
photosynthetically active leaf surface per unit of soil surface)
and the light attenuation coefficient (k). Considering the
critical period for yield determination implies focusing on
growth and partitioning during the window of phenological
time in which yield (or grain number) is most responsive to
environmental changes (see Slafer et al. 2006 for a highly
detailed analysis of grain number determination in several
grain crops using this approach). As the higher HI in semi-
dwarfs of wheat, rice or other crops is the final result of
partitioning changes during the crop cycle, it is also relevant to
evaluate the temporal dynamics of partitioning to reproductive
structures when comparing genotypes or treatments for yield
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determination processes (i.e. González et al. 2003; Bertero and
Ruiz 2010).

The Andean seed crop quinoa (Chenopodium quinoaWilld.)
possesses grains that are used in a similar way to those of cereals.
Moreover, it has a high nutritive value associated with an
excellent amino acid balance – better than that of cereal and
leguminous plants – and a high content of lysine, an essential
amino acid (Ruales and Nair 1992). Quinoa can be grown with
limited water and tolerates low temperatures, prevailing
conditions in the highlands of Bolivia, Peru, Chile and the
Argentinean north-west; these traits have aroused interest in its
evaluation as a new crop in different countries (Jacobsen and
Stolen 1993). Research on this crop started several years ago at
theUniversity of BuenosAireswith the aimof cultivating it in the
Argentinean Pampas. As part of a research project aimed at
analysing growth and yield determination in quinoa cultivars
grown in temperate environments, yields of up to 5200 kg ha–1

were obtained under potential conditions in late winter-early
spring sowings in that region (Mignone and Bertero 2007;
Bertero and Ruiz 2008).

One factor limiting crop expansion in this species is the need
for cultivars with high yield potential; crop breeding in this
species has recently started (Jacobsen and Mujica 2002) and a
high potential for yield increase by genetic manipulation is
expected considering the high level of genetic variability being
detected (Mason et al. 2005;Christensen et al. 2007 andbreeders’
reports (S. Ward, pers. comm.)). In comparison with modern
crops of wheat, rice or maize (Zea mays L.) (Evans 1993; Ashraf
et al. 1994; Slafer et al. 1994), the average HIs of quinoa are low
(i.e. 0.30, Bertero et al. 2004), similar to those of wheat and rice
before the green revolution (Sakamoto and Matsuoka 2004).
Given the previous history of crop breeding (wheat and rice,
for instance), an increase in yield is expected to be achieved by
affecting GA metabolism, and thus manipulating plant height.
The underlying hypothesis is that yield in quinoa is limited
by a low sink capacity (Miralles and Slafer 2007; Reynolds
et al. 2009) and that a reduction in competition between stem
and panicle for photoassimilates will result in higher seed
number and yield, as a consequence of increased reproductive
partitioning. No reports are available on the existence of mutants
for plant stature in quinoa so a direct evaluation of this hypothesis
is currently not possible. Plants treated with GA biosynthesis
inhibitors are phenotypically similar to GA biosynthesis mutants
(Sarkar et al. 2004). Consequently, they can be used to evaluate
the potential impact of genetic manipulation of GA content in
this species.We have chosen Paclobutrazol (Crestar, ICI, Buenos
Aires, Argentina) because of its wide use as a plant growth
regulator and previous experience with its use in other quinoa
experiments (Bertero et al. 2001). This work is mainly aimed at
evaluating the effect of a reduction in plant height using the GA
synthesis inhibitor Paclobutrazol on quinoa yield and the
processes involved in its determination. The objectives of this
work are the following:

(a) to analyse the effect of Paclobutrazol treatments on
determining crop biomass (e.g. LAI, RIE and RUE),
reproductive partitioning, seed number and seed weight; and

(b) to evaluate the effect of treatments on two genotypes of
different initial stature.

Materials and methods
Experimental design and growing conditions

Two experiments were conducted during 2006 and 2007 at the
Faculty of Agronomy of the University of Buenos Aires,
Argentina (34�350S, 58�290W, 20m above sea level). The
Faculty is located in the Pampas (Hall et al. 1992) and its
climate is defined as temperate humid with a very hot summer
(Köppen 1931). One genotype (Chenopodium quinoaWilld. cv.
2-Want) was used during the first year and two (2-Want and
Chenopodium quinoa Willd. cv. NL-6) were studied during the
second. 2-Want is a tall (~2m height) germplasm accession
obtained from the United States Department of Agriculture
quinoa germplasm collection (identified as AMES 13737 at:
http://www.ars-grin.gov/cgi-bin/npgs/html), probably deriving
from a spontaneous cross between a Bolivian and a Chilean
accession (Christensen et al. 2007). This accession exhibited a
high yield potential (5200 kg ha–1) when cultivated in Buenos
Aires, Argentina (Mignone and Bertero 2007). NL-6 is an earlier
flowering, shorter cultivar (~1.2m height) selected at
Wageningen University, the Netherlands (S. Jacobsen, pers.
comm.), yielding up to 4000 kg ha–1 under local conditions
(Mignone and Bertero 2007). To minimise nutrient restrictions,
plants received supplementary irrigation and fertilisation at
sowing (20 kg P and 18 kgN ha–1) and one urea application
(totaling 100 kgNha–1) 30 days after emergence. Weeds were
removed by hand, and fungicides and insecticides applied upon
detection in the field.

The one-genotype experiment was the only one that went to
completion until physiological maturity. The other experiment
(two genotypes)was interrupted after end offlowering because of
a severe mildew (Peronospora farinosa f. sp. Chenopodii (Fr.)
Fr.) attack. This is the reason why the results are presented in
inverse order, and are named the one- and two-genotype
experiment, respectively.

Two-genotype experiment

This experiment involved accession 2-Want and cultivar NL-6,
sown on 16 November 2007, and was conducted with the aim of
comparing treatment responses in genotypes differing in final
plant height. Plots were hand-planted and thinned to
28.6 plants perm2 in rows 0.35m apart. Plots were six rows
wide (4.2m2) and there were three replicate plots per treatment
in a split-plot design, with Paclobutrazol (Crestar) levels
(applications and control) as main plots and genotypes as
subplots. GA inhibition treatments consisted of two levels of
Paclobutrazol application (treatment and controls). Paclobutrazol
was applied as a 3.4mM solution totaling four applications at 4-
day intervals, and 2 days after the visible floral bud (VFB) stage
(Bertero et al. 1999). It started to be applied as foliar spray; plastic
sheets were used to separate plots during spraying. This dose was
chosen on the basis of Steinbach et al. (1997), where
Paclobutrazol was used to manipulate dormancy in sorghum
(Sorghum bicolour (L.) Moench.) and on Bertero et al. (2001),
who used it on quinoa for the same purpose. VFB was chosen
because it is the stage atwhich active stemgrowth starts in quinoa;
active panicle growth starts at first anthesis (Bertero and Ruiz
2008).
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Developmental stages (recorded when four out of seven
sampled plants within each plot reached the stage) were
determined as: emergence, VFB (Bertero et al. 1999), first
anthesis (at least one flower opened), end of anthesis (no more
flowers opened, determined by observation of the main
inflorescence) and physiological maturity (visually determined
by examination of seeds on themedium third of the inflorescence)
(Bertero and Ruiz 2008). These stages define four developmental
phases: vegetative, reproductive, flowering and seed filling, and
coincide with stages 0, 2, 8 and 18 in the scale of Jacobsen and
Stolen (1993). These determinations (except for emergence)
were made by observations conducted every 3 days on seven
plants per plot tagged after thinning (10 days after emergence).
Plant height (cm) was measured every 5 days on the same
plants, considering the distance from the soil to the panicle
top, starting at VFB stage and ending when a stable height
was reached (~mid-seed filling; Bertero and Ruiz 2010). Soil
plant analysis development values (SPAD-502, Minolta
Corporation, Osaka, Japan) were measured in three plants per
plot sampled at random every ~10 days, on fully expanded upper
leaves exposed to direct radiation, in order to estimate the
relative variation in chlorophyll (Minolta 1989) and leaf N
content. Previous work with quinoa confirmed a strong linear
relationship (R2 = 0.88) between total chlorophyll content and
SPAD values in the range of 25–75 SPAD units (Bertero 2001)
and also with leaf N concentration (mgNmg leaf biomass–1,
SPAD range 20–65; Raffaillac et al. 2007). Intercepted
radiation was measured every 3 days at midday on clear days
(as described in Ruiz and Bertero 2008) and values were
converted to daily fractional interception (RIE) as outlined by
Charles-Edwards and Lawn (1984).

AtVFB,first anthesis and endof anthesis, plantswere sampled
in order to measure aboveground biomass and LAI. Five
contiguous plants per plot were harvested from the central
rows in each plot (to avoid border effects) at each sampling
date. Biomass was separated into green leaves (main stem and
branches), stem (main stem and branches) and inflorescences.
Samples were dried in an air-forced drying oven at 70�C to
constant weight. Leaf area was measured with an LI-3100 leaf
area meter (LI-Cor Inc., Lincoln, NE, USA) and expressed on a
per ground area basis. Specific leaf weight (SLW) (g cm–2) was
estimated from the leaf weight to leaf area relationship.

At the end of anthesis, three plants were sampled in each
treatment in NL-6 to count the number of fertile flowers for
three node positions (20, 25 and 30); these plants were
dissected under a stereomicroscope (Leica steromicroscope
MZ6, Leica, Wetzlar, Germany) and a flower was considered
fertile if it was at floral stage G7 (differentiation of stigmatic
branches) or higher in the scale of Bertero et al. (1996). Roots
were also included in this sampling; they were carefully removed
from the soil and thoroughly washed to remove soil parts before
drying.

One-genotype experiment

This experiment was sown on 11 October 2006, using 2-Want.
Plots were hand-planted and thinned to 50 plants perm2 in rows
0.20m apart. Plots were 10 rows wide (3.6m–2) and there were
two replicate plots per treatment in a fully randomised design.

Samplings for measuring aboveground biomass and LAI
were conducted in the same way described for the two-
genotype experiment at VFB, first anthesis, end of anthesis
and physiological maturity stages, with the exception of the
maturity harvest, when 10 plants were used. Seed
numbers perm2 was estimated considering the final harvest
data as the ratio of seed yield (gm–2) to average individual
seed weight (g per seed). Individual seed weight (mg) was
estimated using 5 replicates of 50 seeds in each replicate plot.
HI was estimated as the ratio of grain yield to total aerial biomass
at harvest. Partitioning to organs (panicle or roots [but for roots
only in the two-genotype experiment]) was estimated as the
organ to total aerial biomass ratio at each sampling date. At
the end of anthesis, three plants per plot were sampled to estimate
the number of fertile flowers. The number of fertile flowers
was counted every five nodes, and the total flower number per
plant was estimated as the area below the curve by fitting
an asymmetric double sigmoid curve to the flower number per
node v. node position relationship, using TableCurve V3.0
(Jandel TBLCURVE 1992).

Data analysis
ANOVAwas used for the evaluation of treatment (Paclobutrazol
level� genotype) effects, and associations between variables
were estimated using linear regressions. P-values <0.1 were
considered significant for one-genotype experiment based on
the low number (two) of replicates used in this experiment,
whereas P-values <0.05 were considered significant for the
two-genotype experiment. RUEs for the emergence–end of
anthesis period (to allow for comparisons between
experiments) were estimated as the slope of the linear
regression (forced through the origin, since intercepts were not
different from zero) of the accumulated aerial biomass (gm–2) v.
the accumulated intercepted PAR (MJm–2 d–1), and RUE values
(slopes) were compared by ANOVA and Student’s t-test (Steel
and Torrie 1960). Daily RIE values were estimated using the
Evaluation option of TableCurve V3.0 (Jandel TBLCURVE
1992) and applied to a double sigmoid function fitted to the
RIE v. time from emergence relationship. Daily intercepted
radiation was obtained as the product of daily intercepted PAR
andRIE. Climatic data (temperature and radiation) were obtained
from an automated meteorological station located ~50m away
from the experiment.

Results

General results

Data from the sampling conducted at the end of flowering in
the two-genoype experiment are shown in Table 1. There were
significant differences between treatments (cultivar�
Paclobutrazol level combinations) in biomass, panicle weight,
plant height and reproductive partitioning (panicle biomass
total biomass–1) but Paclobutrazol effects within a cultivar
were significant only for partitioning in NL-6. In the case of
the one-genoype experiment, final biomass (gm–2), plant height
(cm), seed yield (gm–2), HI (g g–1), seed number (thousand seeds
perm2) and weight (mg per seed) data were available
(Table 2) and are discussed in below.
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Yield, seed number and HI exhibited higher values under
Paclobutrazol treatment, but these differences were significant
only for seed number (P < 0.08) and were near significance for
yield (P= 0.1) andHI (P= 0.12). Total aerial biomass (an average
of 1770 gm–2) and seed weight (an average of 1.63mg per seed)
values were not affected (P > 0.28). Plant height reduction under
Paclobutrazol was highly significant (P< 0.01). Plant height
decreased by ~30% (from 197 to 138 cm); however, seed yield
increased by ~50% (from 517 to 791 gm–2), seed number by
~40% (from 308 000 to 432 000 seeds perm2) and HI by ~43%
(from 0.282 to 0.398 g g –1). Seed yield showed a very strong,
linear and positive association with seed number (R2 = 0.98) so
changes in yield were explained by those in seed number.
Paclobutrazol application did not affect development in either
of the experiments or genotypes,with the exception of seedfilling
in the one-genotype experiment, which was reduced by 6 days,
probably associated with earlier senescence under Paclobutrazol
(data not shown).

Growth components

Plants treated with Paclobutrazol exhibited an important
reduction in plant height and in stem biomass in both
genotypes and experiments, which was more marked during
the one-genotype experiment (Fig. 1). Plant height started to
differ between treatments shortly after application, andmaximum
height was reached shortly after the beginning of seed filling. In
the two-genotype experiment, although not significant,
reductions were 15% for 2-Want and 29% for NL-6; in the
one-genotype experiment, height was reduced by 30% by
Paclobutrazol (from 197 to 138 cm). Interestingly, changes in
total stem biomass were not significant (P > 0.25) in both
experiments and genotypes. In the two-genotype experiment,
stem biomass increased 17% under treatment in 2-Want and
remained unchanged (2% reduction) in NL-6; substantiality
(shoot DW per unit of plant height, Yim et al. 1997) increased
by 36.5% (NL-6) and 38.7% (2-Want). Stem biomass was
reduced from 856 to 637 gm–2 in the one-genotype experiment,

with a similar tendency for branch biomass (from 113 to
77 gm–2), but stem substantiality was increased by 6% as a
consequence of treatment. Main stem node number was
counted at harvest in the two-genotype experiment and related
to plant height, showing that height variability between
treatments for both genotypes was related to changes in node
number and not in length per node (data not shown).

Fig. 2 presents the LAI results for samplings conducted at the
end of flowering for both experiments, and represent the
maximum attainable value under each condition (Ruiz and
Bertero 2008). Differences between Paclobutrazol treatments

Table 1. Panicle biomass, total aerial biomass, reproductive partitioning (g panicle g aerial biomass –1) at the end of flowering and final plant height
for the two-genotype experiment

Different letters within a column indicate significant differences (P< 0.05) between Paclobutrazol treatments, genotypes or both. Data are means �1 s.e.

Treatments Panicle weight (gm–2) Aerial biomass (gm–2) Partitioning to panicles (g g–1) Final height (cm)

2-Want Paclobutrazol 196 ± 34a 822 ± 146a 0.24 ± 0.02a 132 ± 10ab
2-Want control 118 ± 71ab 625 ± 141ab 0.17 ± 0.05ab 156 ± 21a
NL-6 Paclobutrazol 104 ± 15ab 436 ± 55bc 0.25 ± 0.04a 71 ± 5c
NL-6 control 43 ± 3b 311 ± 35c 0.14 ± 0.01b 99 ± 7bc

Table 2. Yield, final aerial biomass, harvest index, plant height, seed number and individual seed weight at physiological maturity for the one-
genotype experiment

Different letters within a column indicate significant differences (P< 0.10) between Paclobutrazol treatments. Data are means �1 s.e.

Treatments Yield (gm–2) Aerial biomass
(gm–2)

Harvest index
(g g–1)

Final height
(cm)

Seed number
(thousand seedsm–2)

Seed weight
(mg)

Paclobutrazol 791 ± 83a 1983 ± 202a 0.398 ± 0.001a 138± 6b 432± 37a 1.8300 ± 0.0003a
Control 518 ± 45a 1859 ± 143a 0.282 ± 0.050a 197 ± 1a 308 ± 8b 1.6778 ± 0.0004a
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were not significant for either leaf area category or for either
genotypes in the two-genotype experiment (P > 0.8; Fig. 2b).
Total LAI was reduced by 27% (not significant) under
Paclobutrazol in the one-genotype experiment, but these
effects were seen only in the branches (a 46% reduction,
P = 0.09), as main stem leaf area was not affected (Fig. 2a).
The relative importance of leaf area in branches is high: 76% in
the control and 58% in treated plants. When RIE was analysed in
the two-genotype experiment, 2-Want reached a maximum
RIE of 0.92 and 0.95 during flowering (63 days after
emergence) for the control and Paclobutrazol treatments,
respectively, and the maximum values for NL-6 were 0.91 and
0.86 on Day 56, near the end of flowering again for treatment
and control, respectively. No differences were found for most of
the cycle in the one-genotype experiment (Fig. 3), and RIE only
decreased for the Paclobutrazol treatment for measurements
conducted 2 weeks after first anthesis. The crop reached full
radiation interception (RIE >0.95) 37 days after emergence and
maintained it at least until Day 60, covering the whole
reproductive and flowering phase.

Photosynthesis-related variables

Radiation use efficiency values did not differ between genotypes
and Paclobutrazol levels in the two-genotype experiment or
between treatments in the one-genotype experiment, reaching
average RUE values of 1.46 and 2.24 gMJ–1, respectively.
Because of the sampling frequency, changes in RUE during
development, as outlined by Ruiz and Bertero (2008), could
not be identified, and a single linear relationship adequately
described the biomass v. intercepted radiation relationship
(data not shown). The estimated RUE values were similar to
those estimated by Ruiz and Bertero (2008). However, the two-
genotype experiment values were closer to the minimum and the
one-experiment values were closer to the maximum reported in
that work.

Paclobutrazol effects on SPAD values are exemplified using
data from the two-genotype experiment (Fig. 4); those from the
one-genotype experiment exhibited a similar trend (data not
shown). Differences between treated and control plants
increased from the VFB stage onwards and reached a
maximum (~10 SPAD units) around anthesis, remaining stable
thereafter. SLW, the third variable associatedwith photosynthetic
capacity, was significantly higher (P < 0.05) under Paclobutrazol
but only for main stem leaves (P < 0.01) in the two-genotype
experiment, in agreement with the SPAD values (data not
shown), and SLW was not changed by treatments in the one
genotype experiment (with a tendency to higher values in treated
plants). Finally, leaf conductance, a variable associated with
higher photosynthetic capacity, cooler canopies and higher
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yield potential in species like cotton (Gossypium barbadense L.)
and wheat (Lu et al. 1994; Fischer et al. 1998), was measured for
both genotypes and treatments in the two genotype experiment,
but no differences between treatments were detected (data not
shown).

Reproductive and root growth and partitioning

A higher partitioning to panicles was observed in Paclobutrazol-
treated plants, beginning with the sampling conducted at first
anthesis and maintained until physiological maturity in all
experiments and cultivars (Fig. 5; Fig. S1, available as an
Accessory Publication to this paper). Values for the two-
genotype experiment (end of flowering sampling) were 0.17
and 0.24 for 2-Want, and 0.14 v. 0.25 for NL-6 for the control
and treated plants, respectively. For the one-genotype
experiment, reproductive partitioning at physiological maturity
(panicles per total biomass) was 0.44 and 0.61 for the control and
treated plants, respectively.

In the two-genotype experiment, root biomass values were
measured at the end of flowering, a stage when root biomass
reaches its maximum in several crops (Gregory 2004). Root
biomass tended to be higher in 2-Want than in NL-6,
consistent with its higher aerial biomass, and a tendency
towards higher root biomass and partitioning to roots was
detected in treated plants in both genotypes. It is important to
highlight that treated plants had much more abundant lateral
roots when visually compared with controls (data not shown).

Floral development

Fig. 6a presents the flower number profile across node positions
for the sampling conducted at the end of flowering in the one-
genotype experiment. Node numbers are assigned from the base
(older) to the top of the plant, so the figure mirrors flower density
in the same order. Flower number increases sharply and reaches a
maximum around node 30 then decreases gradually up to the
panicle top. Differences between treatments were marked and
concentrated in the lower third of the panicle. An estimation of

total flowers per plant resulted in 13 300 flowers per plant for
control and 26 400 flowers per plant for treated plants, a 98%
difference. Fig. 6b shows the relationship between flower
number per node and node biomass, combining data across
node positions for both treatments. A single linear relationship
provides a good description of the relationship (R2 = 0.94),
suggesting that a stable reproductive efficiency can be
assumed across nodes and treatments. During the two-
genotype experiment, flowers were counted in NL-6 for three
node positions (20, 25 and 30); values were 74% higher under
Paclobutrazol for Node 20, and differences disappeared for
higher nodes (data not shown).

Discussion and conclusions

This article analysed Paclobutrazol effects on quinoa at different
hierarchical levels. An important yield increase can be obtained
by the inhibition of GA synthesis (Table 2) through increases
in HI that are not compensated by a reduction in crop biomass.
Yield reached under Paclobutrazol (as in the one-genotype
experiment (790 gm–2)) had never been measured in previous
experiments carried out in the Argentinean Pampas (Bertero and
Ruiz 2008) and was higher than almost all values reported in
related literature (Jacobsen et al. 1994; Berti et al. 2000;
Mastebroek et al. 2002; Bertero et al. 2004; Schulte auf’m
Erley et al. 2005; Spehar and De Barros Santos 2005;
Bhargava et al. 2006; Lebonvallet 2008; Geerts et al. 2009).
At a lower hierarchy level, biomass accumulation can be
understood in terms of crop duration and crop growth rate
determinants (CGR; gm–2 d–1). With the exception of the final
part of the cycle in the one-genotype experiment, no changes in
duration of development were detected, and this reduction of
seed filling duration under Paclobutrazol was not associated with
a lower seed weight (Table 2). RIE and RUE are the components
of CGR on the crop side: changes in RIE were minimal and
concentrated in the late seed filling stage (Fig. 3), while RUE
did not change under Paclobutrazol but changed between
experiments. However, there is room for changes in
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photosynthetic rates during part of the cycle and in some specific
positions (as those reported forwheat byFischer et al.1998). This
notion is supported by a recent article (González et al. 2010) that

reported a positive association between yield and photosynthesis
during seed filling. Some possible interpretations of higher RUE
values in the one-genotype experiment are that higher densities,
which caused crops to reach faster and higher RIE values, made
plants be within the second (higher) RUE stage most of the time
(Ruiz and Bertero 2008). Another possibility is that higher
temperatures during the evaluated period (an average of
23.5�C in the two-genotype experiment; 21.5�C in the one-
genotype experiment [PAR values were similar at
~11.3MJm2 d–1]) reduced RUE by inhibiting photosynthesis;
no experimental test of this last possibility has been conducted in
quinoa and temperature differences were small. LAI, the main
determinant of variation between genotypes and environments in
RIE,was onlymarginally reduced (Fig. 2) but, asLAIvalueswere
high, they were not associated with a RIE reduction. A practical
implication of these experiments for quinoa management is that,
at high densities and reduced distances between rows, as those
explored in the one-genotype experiment, the crop reaches a high
LAI (7 in controls) and maintains maximum RIE (>0.95) during
the critical period for yield determination (Bertero and Ruiz
2008). These RIE values were reached later and for a shorter
period in the two-genotype experiment. Some RUE-related
variables were modified by treatments: SPAD was increased
for both experiments and genotypes (Fig. 4) while SLW
values were significantly increased only for the two-genotype
experiment. Reproductive growth changes were detected at
different levels as an increase in seed number for a given crop
biomass without concomitant reductions in seed weight
(Table 2), increased reproductive partitioning (Fig. 5) or
flower number (Fig. 6).

Comparisons between the genotypes of different height
were limited because the two-genotype experiment was
stopped before maturity, but reproductive partitioning was
modified in a similar fashion for both genotypes up to the end
of flowering. Attention should be paid to a short cycle cultivar
like NL-6; however, evidence of source limitations (as reflected
in an important photoassimilate retranslocation during seed
filling) was detected in a parallel experiment (Mignone and
Bertero 2007). Finally, for some of the variables analysed,
differences were barely significant or near significance; the
strong consistency of the results obtained for both experiments
and genotypes, however, give credit to their biological
significance.

All these results are consistent with those obtained from other
species in which GA synthesis was manipulated using plant
growth regulators, as for yield (i.e. Zhou and Xi 1993; Gill
and Singh 1993; Senoo and Isoda 2003a, 2003b; Mohapatra
and Mohapatra 2005), number and biomass of reproductive
organs (Mohapatra and Mohapatra 2005), and increased SPAD
values (Senoo and Isoda 2003a, 2003b; Mohapatra and
Mohapatra 2005). Reduction in branch leaf area and branch
biomass under Paclobutrazol treatment resembles the results
from perennial ryegrass (Lolium perenne L.; Young et al.
1996), rice (Yim et al. 1997) and wheat (Guoping 1997), and
differs from peanut (Arachis hypogaeaL.) andBrassica carinata
A. Br., where branch numbers were increased (Zhou and Xi
1993; Setia et al. 1995; Senoo and Isoda 2003a). The measured
increase in stem substantiality, arising from a lower proportional
reduction in stem biomass relative to height, is similar to the
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results arising from rice (Yim et al. 1997), and changes in root
growth have already been reported for soybean (Glycine max (L.)
Merr.; Sankhla et al. 1985). Leaf longevity, as measured by
SPAD values, was higher for treated plants, as in other species
(Sankhla et al. 1985; Zhou and Xi 1993; Setia et al. 1995),
but RIE was lower in the final part of the cycle (Fig. 3). An
increased senescence (a faster decline in RIE values) could be
attributed to the higher seed number, reflecting their higher N
demand, particularly in a species like quinoa, with protein
contents above cereal averages (Ruales and Nair 1992). The
apparent contradiction between SPAD and RIE values can be
explained by a hierarchical effect: even though leaves at a
given position can have higher SPAD values under
Paclobutrazol, the lower LAI under this treatment in the one-
genotype experiment determined an earlier fall below critical
LAI values. Of high potential interest is the manipulation of
stress resistance as a consequence of lower GA content. This
stress resistance was evaluated at lower hierarchies
(e.g. antioxidant levels, electrolyte leakage, osmolite content
or superoxide dismutase levels); however, effects at higher
hierarchies, e.g.changes in root partitioning, were not reported.
Surprisingly, these results are not mentioned in articles dealing
with crop breeding for stressful environments and thus deserve
more attention.

When compared with changes associated with the use of
reduced height mutants, our results are similar to those seen in
comparisons between standard height and semi-dwarfs in wheat
(Triticum aestivum L.), rice or barley (Hordeum vulgare L.)
(Ashraf et al. 1994; Slafer et al. 1994; Miralles and Slafer
1995; Miralles and Slafer 1997; Miralles et al. 1998;
Swaminathan 2006). As a consequence of the way treatments
were applied, changes in early vigour (Rebetzke and Richards
2000; Ellis et al. 2004) could not be explored.

One important concern is related to the meaning of the
associations between changes in reproductive biomass v. those

in stem height or biomass. Although there is a clear negative
relationship expressed as more reproductive biomass for less
stem height, the comparison between organ biomass changes is
less clear; either in absolute or relative terms, the increase in
panicle biomass is higher than the decrease (or even the lack of
change) in stembiomass (Tables 1 and2, Figs 1 and5). Thenotion
of reproductive organs as users of the carbohydrate leftovers of
vegetative organs (e.g. the Sheldrake hydraulic model in
Wardlaw 1990) seems too simplistic after so many years of
research on sugar and hormone signals, their interactions and
metabolism regulation (i.e. Gibson 2004; Razem et al. 2006;
Rolland et al. 2006).

All previous results can be summarised stating that a higher
yield could be obtained in quinoa if reproductive partitioningwas
increased (the evaluation of growth regulators at a commercial
scalewas beyond the aimof this article, but couldbe considered as
a management option in some casese.g. in non-organic
production systems). Manipulation of the GA metabolism
appears to be a valid strategy; in these experiments, it was
achieved without a reduction in capacity for capturing aerial
resources (radiation) or changes in radiationutilisation efficiency,
and evenwith an increase in capacity for capturing soil resources.
There are methods available to carry this out (e.g. a search for
natural mutants, mutation induction [González et al. 2001 for
quinoa] or transgenics) and there have been instances where plant
stature within a crop species has been transformed using genes
from other species (Peng et al.1999). Increasing yield potential
could implymany advantages for quinoa’s future. Limitations on
its increase led some crops to be abandoned or marginalised
during the 20th century (Evans 1993) but quinoa could be a
very good candidate in the search for high quality plant protein
sources (Linnemann and Dijkstra 2002; Aiking 2011)
considering current and near future food demands. On the
other hand, the characteristics of the current international
quinoa market (mostly organic, not allowing the use of
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genetically transformedcrops)must be consideredwhendeciding
the best way to carry this out.
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