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Abstract Adaptation of quinoa (Chenopodium quinoa
Willd.) to new regions demands acclimation to day-length,
in addition to a host of other abiotic factors. To further
elucidate the effects of photoperiod on development of
quinoa, two differently adapted cultivars, Achachino (short
day) from Bolivia and Titicaca (day-length neutral), were
subjected to continuous long (17.5 h) and short (10 h)
photoperiod conditions as well as a shift between the two to
trigger possible adaptive mechanisms initiated by changes
in leaf soluble sugar and ABA concentration. Our findings
show both cultivars responding to an increase in photope-
riod with significant increases in soluble sugar concentra-
tions and a simultaneous increase in ABA. However,
Titicaca exhibited a much stronger ABA response to
increase in photoperiod, whereas the increase for Ach-
achino falls within the range of natural diurnal variation.
Achachino also showed increasing sensitivity to long
photoperiods throughout all reproductive growth stages,
resulting in continued flowering, stem elongation and dis-
ruption of seed formation, whereas Titicaca was capable of
maintaining full seed set under all the photoperiod condi-
tions. Discernible photoperiod-dependent chlorosis of the
lower leaves of Titicaca was observed under long pho-
toperiods compared to short photoperiods, implying multi-
faceted adaptive responses to changes in photoperiod
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which may also involve nitrogen and carbon dynamics.
Both ABA and sugar signals are possibly involved in
regulating the photoperiod-adaptive capability of each
cultivar, leading to pronounced differences in growth and
reproductive development patterns between the contrasting
cultivars.
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Introduction

In 1998, quinoa (Chenopodium quinoa Willd.) was selected
by the Food and Agricultural Organisation of the United
Nations as a vital tool to enable future food security and
2013 has been nominated as the international year of qui-
noa (Food and Agriculture Organisation of the United
Nations 2011). Although quinoa has been cultivated in
South America for thousands of years, its rising popularity
in Western nations is considerably more recent and has
been propelled by increasing culinary interest (Jacobsen
2003). The prospect for expanding quinoa cultivation in
harsh environments is supported by its inherent ability to
resist stressful growing conditions, and the hardiness of
quinoa is determined by physiological mechanisms, as well
as morphological characteristics and life cycle strategies
(Jacobsen and others 2003). Quinoa is a halophyte, and
tolerates high soil saline levels (Adolf and others 2012).
Consequently, it has the ability to thrive where arable land
and agricultural productivity is otherwise restricted by
prolonged droughts and increasing soil salinity as well as in
less vulnerable regions. However, the large-scale expan-
sion of quinoa as an alternative crop is significantly
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handicapped by its photoperiodic sensitivity (Christiansen
and others 2010). To make the process of adapting quinoa
to more regions within and outside South America more
systematic, it is essential that we understand adaptive
ranges and physiology behind responses to ranges of pho-
toperiods in contrasting cultivars (Bertero and others 2004;
James and Lawn 2011), which is a concept that previously
has also been applied to the investigation of the differential
adaptation potential of two contrasting common bean
varieties (Wentworth and others 2006). Quinoa is generally
classified as a facultative short day plant (Fuller 1949) and
is affected greatly by photoperiods longer than 12 h, par-
ticularly during reproductive growth stages (Christiansen
and others 2010). The photoperiodic responses of quinoa
are complex in nature (Bertero and others 1999). Bud
induction and flowering are not the major problems for
adaptation of quinoa to areas with long day conditions
during the growing season (Fuller 1949). However, during
bud development and after the onset of flowering, quinoa
becomes increasingly sensitive to long day conditions. The
sensitivity is expressed as cessation, or delay, of repro-
ductive development and late or fully halted maturity
(Christiansen and others 2010; Galwey 1993). Studies
involving photoperiod effects on plants have in the past
focused on more widely cultivated crops such as cereals
and legumes, model species and ornamentals (Distelfeld
and others 2009; Lawn and James 2011). Although pho-
toperiod effects in quinoa have been previously recorded
(Bertero and others 1999; Christiansen and others 2010;
Fuller 1949), to our knowledge none or very little work has
been carried out with regards to underlying physiological
mechanisms involved in photoperiodic control of devel-
opment in quinoa and how it translates to cultivar perfor-
mance in agronomic terms. Thus, the knowledge base in
this area has essentially remained obscure, acting as a
possible constraint on geographic cultivation expansion of
quinoa.

Photoperiodic control of plant development is a multi-
faceted process involving light sensing mechanisms, phy-
tohormone responses and subsequent modification of
source-sink relationships (Dorais and others 1996; Seung
and others 2011) where photoperiod may function as the
sole abiotic input responsible for these responses (Gon-
zialez and others 2009). The day-length sensitive reaction in
short day adapted quinoa may partly be mediated by the
presence or absence of light sensitive hormone-signalling
(Christiansen and others 2010). Although absicisic acid
(ABA), generally, is thought of as associated with dor-
mancy regulation and drought responses, it may hold more
of a multi-purpose signalling role. Few studies have
investigated possible links between changes in ABA con-
centrations and day-length responses in a range of plant
species. Nan and others (2002) reported that leaf ABA

levels were significantly higher in wheat plants grown under
continuous light, as compared to those only receiving
18-21 h of light and in spinach, ABA concentrations
increased two to three fold during the first day after plants
were transferred from short to long days (Zeevaart 1971).
More recent studies and reviews are increasingly suggesting
a stronger involvement of ABA in photoperiodic plant
responses and adaptive mechanisms than what has so far
been considered (Chu and others 2005; Seung and others
2011). Slight variations in environmental conditions can
lead to substantial variation in carbohydrate metabolism
(Ramel and others 2009), and the availability of carbohy-
drates, in the form of sucrose and hexose, has a regulatory
function in a broad range of developmental and physio-
logical processes and may also act as direct signalling
molecules, thereby activating specific or hormone crosstalk
pathways (Finkelstein and Gibson 2001; Gibson 2003). It
has been suggested that soluble sugars and ABA can have
synergetic and antagonistic, as well as additive effects on
different physiological processes. In this manner they
interact to regulate floral transition and organogenesis under
the influence of light signals (Finkelstein and Gibson 2001).
Consequently, different day-length and light intensity
environments may induce changes in the concentration and
composition of the soluble sugars in plant tissues, leading to
modifications of plant growth and development. Clarifying
the mechanisms behind photoperiod-regulated physiologi-
cal and developmental responses is without doubt a chal-
lenge, as they are part of a very complex signalling network
with large variation between both species and cultivars. In
quinoa, the possible links between ABA and soluble sugars
in relation to photoperiod adaptation have not previously
been investigated. Therefore, the objectives of this study
were to compare the effects of photoperiod on plant
development of two contrastingly adapted quinoa cultivars
(short day and day-length neutral), as well as exploring the
possible involvement of ABA and soluble sugar responses
in photoperiod adaptation in the two cultivars.

Materials and Methods
Plant Material and Growing Conditions

Potted quinoa plants of two cultivars, Titicaca and Ach-
achino, were grown from seeds in controlled environment
walk-in style growth chambers (Conviron, Winnipeg,
Canada) at the University of Copenhagen, Faculty of Sci-
ence, Taastrup, Denmark. Seeds were propagated from
plants grown under optimum cultivar specific photoperiod
conditions. Titicaca (previously Q52) is a day-length neu-
tral cultivar developed at the Faculty of Life Sciences,
Taastrup, Denmark (55°40'N, 12°18'E, 28 m above sea
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level). Achachino is a traditional short day cultivar of the
Real type from southern Bolivia (20°28'S, 66°50'W,
3,653 m above sea level). The growth chambers were set to
22 /15 °C day/night air temperature. The photosynthetic
flux density (PPFD) for all the chambers was approxi-
mately 600 pmol m~2 s™', at upper plant height, provided
by metal halide lamps (Osram, HQI 400 W). Four seeds
were sown directly into each of the 4 L pots used in this
study. Peat-based potting soil (Pindstrup, Substrate No. 1;
Ryomgaard, Denmark) was used as a growth medium. For
the duration of the study, all pots were kept moist by drip
irrigation and supplied with a standard nutrient solution
(Pioner NPK Makro 14-3-23 + Mg combined with Pioner
Mikro + Fe; Lyngby, Denmark; EC: 1.3 mS cm™ !l pH
5.5). Plants were thinned to two per pot after two leaves
had fully emerged and one pot represents one repetition.
This approach allowed for the collection of fresh leaf
material for ABA and soluble sugar analysis without
causing significant damage to each replication. There were
eight replications of each cultivar in each treatment. Only
one plant from each pot was harvested for biomass data
collection (n = 8). To avoid positioning effects, within
each chamber the pots were moved every couple of days.
Four different photoperiod treatments were managed sep-
arately in four growth chambers, as integrals of uninter-
rupted full light. The treatments consisted of continuous
short day (S), short day shifted to long day (SL), contin-
uous long day (L) and long day shifted to short day (LS).
The changes in photoperiod for LS and SL were adminis-
tered during early reproductive development stages, cor-
responding to stage 2-6 as classified by Jacobsen and
Stglen (1993), with all pots (eight of each cultivar) within
the specific treatments being very close to the same exact
stage at the time of the photoperiod change. The additional
hours of light were divided up and timed to extend the
morning and afternoon of the short period. The long day
treatment of 17.5 h reflects the maximum day length under
Danish field conditions during the growing season (Chris-
tiansen and others 2010). The short day treatment of 10 h is
sufficiently below the critical 12 h threshold for optimum
development and reproductive success of short day adapted
plants. By switching the plants between photoperiods, we
sought to trigger measurable ABA and soluble sugar
responses. The L and LS-treated plants for both cultivars
reached the early reproductive stages and plant size des-
ignated for the change in photoperiod a week earlier, that
is, at 25 days after sowing (DAS), than the plants subjected
to S and SL treatments, that is, at 32 DAS. The difference
in days of the timing of the photoperiod shift compared to
LS was added to the SL treatment after the change, thereby
allowing for both LS and SL treated plants to spend the
same amount of time under altered photoperiods. There
were no visible morphological differences between
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cultivars within the treatment groups at the time of the
photoperiod change for the LS or SL treatments. The daily
PPFD integral under long day was 37.8 mol m™Z day ™'
and under short day was 21.6 mol m~? day~'. One plant
per pot, from each cultivar and all treatments, was selected
randomly and harvested for further processing and analysis
of leaf areas and biomass at the end of the study. The study
period lasted 41 DAS for L and LS treatments and 48 DAS
for the S and SL treated plants. Leaves were harvested, and
projected leaf area was measured using a Li-3100 Leaf
Area Meter (Li-Cor Inc., Lincoln, Nebraska, USA). All
plant parts were dried to constant weight at 70 °C and dry
weight was determined. Specific leaf area (SLA) was cal-
culated as leaf area (cm?) per unit of leaf dry weight (g).
Growth stages throughout the study were recorded
according to the system previously established by Jacobsen
and Stglen (1993), where stage O is purely vegetative,
stages 1-7 cover small steps in reproductive development,
8 is onset of flowering, stages 9—13 are the entire flowering
process and 14-21 are seed set through maturation. The on-
set of flowering (development stage 8) was noted at the
appearance of the first open flower in the inflorescence of
each plant. Stem height was measured from soil level to the
base of the inflorescence.

For the S and SL treatments, the plants that were not
harvested were allowed to develop to maturity. The same
procedure was not carried out for the remaining plants from
the long day treatments (L and LS) due to ceased panicle
development of Achachino under those conditions and
concerns over constraints of chamber height and distance
to lamps. Continued flowering and reshooting occurred
from the inflorescence of Achachino under L at the ter-
mination point of the experiment.

ABA Extraction and Analysis

Plant material used for ABA and sugar analysis was from
the youngest, fully expanded leaves only. Leaves were
taken from four (n = 4) randomly chosen plants out of the
available 8, for each cultivar and each treatment. Samples
were collected the day before the changes in photoperiod
were implemented (Day,) and the two following days
(Day,, Day,). The leaves were frozen in liquid nitrogen
immediately after excision and stored at —80 °C until final
processing. All collections of fresh plant materials and
measurements were carried out from 10:30 to 12:30 h.
ABA was extracted from 50 mg powdered freeze-dried leaf
samples, dissolved in 1 ml Mili-Q, purified water (ELGA
Purelab Ultra, Veolia Water Solutions and Technologies,
France) and shaken overnight at 4 °C. The ABA concen-
tration was quantified by enzyme linked immunosorbent
assay using a monoclonal antibody for ABA (AFRC MAC
252) as specified in Asch and others (2001).



J Plant Growth Regul (2014) 33:562-570

565

Soluble Sugar Analysis

The procedure followed for the extraction of water-soluble
sugars is described in detail by Liu and others (2004) using
powdered freeze-dried leaf material (50-100 mg). Hexose
(glucose and fructose) and sucrose concentrations were
analysed by HPLC (Hewlett-Packard 1100, Waldbronn,
Germany) equipped with an RI detector (Hewlett-Packard
1047A, Waldbronn, Germany).

Data Analysis and Statistics

Means (n = 4 for soluble sugar and ABA analysis, and 8
for direct physical measurements) of the measured vari-
ables were subjected to analysis of variance (ANOVA) and
LSD applied as post-ANOVA test with SAS 9.2 software
(SAS Institute Inc., Cary, NC, USA). Standard errors of the
means (+SE) were calculated and compared at P < 0.05.

Results
Plant Development and Growth

Both the long day initiated treatments (L and LS) resulted
in faster and more complete plant development for Titicaca
compared to Achachino (Fig. la, P < 0.05). Titicaca
reached flowering for both L and LS around 35-36 DAS
and continued panicle development towards complete seed
fill. Achachino, however, followed a different develop-
mental progression. Under L and LS treatments, onset of
flowering was delayed until around 40 DAS. Further
reproductive development for Achachino under L and LS
abated after flowering was initiated and none of the treat-
ment reached seed fill stages (stage 14) prior to plant
harvest (Fig. 1a). At the end of the study period, both
cultivars of the L treated plants had reached the limit for
plant height of the growth chambers. Stem growth pro-
gressed similarly for both cultivars under L and LS until
around 29 DAS (Fig. 1b). After 29 DAS both Achachino
and Titicaca for the LS treatment ended with the same stem
height and both were shorter than the L treated stem
heights. Achachino under L had more stem growth than
Titicaca for the same treatment (Fig 1b, P < 0.001). None
of the L and LS plants reached a plateau in growth within
the study period. Under S and SL conditions, both cultivars
developed at a slower rate and did not reach comparable
plant size with L and LS for photoperiod change until 32
DAS, a week later compared to 25 DAS for the L and LS
treatments. All plants of Titicaca were flowering at 34 DAS
under SL and 35-36 DAS for S, as was Achachino for both
S and SL (Fig. 1c). Under S and SL both cultivars devel-
oped beyond flowering during the study period, with
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Fig. 1 Plant development and stem height for both cultivars and all
treatments (mean + SE, n = 8). a Plant development and b stem
height for L and LS treatments; ¢ plant development and d stem
height for the S and SL treatments. The horizontal dashed line in a,
¢ indicates development stage 8, which signifies the onset of
flowering. The arrows in b, d indicate the time at which photoperiod
was changed in the LS and SL treatments, where the dashed
horizontal line indicates identical stem height at that time

Titicaca reaching the most developed stage under SL
(Fig. 1c, P < 0.005). Stem elongation for both cultivars
under S and SL treatments was indistinguishable until
around 41 DAS, when Titicaca under SL proceeded
towards zero gain in stem elongation for both S and SL, but
on different DAS so S-treated Titicaca grew taller (Fig 1d).
Stem growth for Achachino did not reach a plateau for
either the S or SL treatment by the end of the study and
both reached the same stem height (Fig. 1d). For both
cultivars and treatments, Achachino reached a taller stem
height compared to Titicaca (Fig. 1d, P < 0.001). We not
only observed continuous flowering and stem elongation,
but also severely reduced seed size and lack of seed
hardening in Achachino compared to Titicaca under SL. In
Achachino, L. and LS both exhibited reshooting between
the branches of the panicle structure towards the end of the
study. Clear developmental differences between the culti-
vars and treatments were visible at this point (Fig. 1b, d).

Even under continuous short photoperiod (S), which is
its preference, Achachino appeared to have slower inflo-
rescence development and seed fill compared to Titicaca
(Fig. 2). When photoperiod was extended from short to
long (SL), Achachino became more branched with a less
compact inflorescence compared to growth under S. Tit-
icaca maintained similar plant structure under both S and
SL. In Titicaca, differences were most obvious in the
reproductive structure, which appeared to increase in size
under extended photoperiod (SL). An additional observa-
tion was a discernible chlorosis of the lower leaves, which
occurred in Titicaca for SL, with initial yellowing being
visible two days after the photoperiod change (Fig. 2). It is
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Fig. 2 Plants from the short (S) and short to long photoperiod (SL)
treatments, 49 days after sowing. From left to right Titicaca and
Achachino from the SL treatment, followed by Titicaca and
Achachino subjected to S treatment. Rapid yellowing of the lower
leaves for the SL treatment was visible shortly after the change in
photoperiod (Color figure online)

important to note that this intense leaf chlorosis of the
lower leaves for the SL treated plants did not lead to leaf
abscission or death. In comparison, Titicaca S showed
signs of chlorosis of the older leaves as well, although
neither until towards the end of the study, nor with the
same intensity or rapidity as Titicaca SL. Achachino SL
likewise exhibited increased chlorosis of the lower leaves
compared to Achachino S, but not at the same rate or to the
extent as that of Titicaca. Under continuous long photo-
period treatments (L), both cultivars showed increasing
chlorosis of the lower leaves compared to the LS treatment,
but the yellowing was less intense and slower in appearing
compared to SL.

Aboveground Biomass Accumulation and Specific Leaf
Area

There were no significant differences in leaf area between
the two cultivars, or between any of the day-length treat-
ments. Leaf biomass showed a tendency towards greater
total leaf mass for both the L and SL treatments compared
to the S and LS treatments, but not with statistical signif-
icance (Table 1, P = 0.056). However, specific leaf area
for both cultivars showed a strong inclination towards a
lower value (higher density), at time of harvest, for both the
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L and SL treatments compared to S and LS treatments
(Table 1, P < 0.001).

The biomass allocation data for the plants that were
grown under the S and SL treatments, in which both cul-
tivars developed seeds, show differences between treat-
ments within cultivars (Table 2). Under S, Achachino
transitioned to reproductive development and seed fill at
the same time as Titicaca and also had shorter stem height
than under SL (Fig. 1), where it continued to elongate the
main stem and the stems within the panicle, in conjunction
with continuous flowering rather than a complete pro-
gression to seed fill and maturation; consequently, the
amount of vegetative growth was nearly tripled for Ach-
achino subjected to the SL treatment compared to S
(P < 0.01). The vegetative growth of Titicaca did not
differ between the two treatments. Harvest data for Titicaca
showed the SL treatment resulted in a significant increase
in panicle dry matter accumulation compared to S
(P < 0.01). Further analysis indicated similar trends with
regards to yield and seed weight, but not with statistical
significance. The same comparison for Achachino showed
no difference in whole panicle dry weight, but did reveal
severely reduced seed development for the SL treatment
compared to S-treated plants (P < 0.05). Overall, the data
indicated that regardless of the photoperiod conditions,
Achachino yielded less compared to Titicaca (Table 2).

ABA Responses

The ABA concentrations were compared within all 4
treatments for each day and here the only significant
response was found for Day; for the day-length neutral
Titicaca, with the SL treatment showing a high peak in
ABA concentration compared to S, L and LS (P < 0.001).
When comparing the ABA concentration development for
each treatment over time, between the three sampling days
(Dayoy—Day,), no significant changes in leaf ABA concen-
tration were detected for the L, LS or S treatments. How-
ever, for the SL treated plants, significant changes in leaf
ABA concentration were detected within 24 h of increas-
ing the photoperiod (Dayy—Day), for the SL treated plants
for both Titicaca and Achachino (P < 0.001 and P < 0.05,
respectively). The ABA response was significantly more
pronounced for Titicaca compared to Achachino, and on
Day, ABA concentrations for Titicaca dropped to levels
resembling those of Day, (Fig. 3c). Considering that the
individual day analysis showed no significance between the
four treatments for Achachino during all three days,
including Day,, therefore, the significant difference
detected from Day, to Day, for the SL treated plants must
be attributed to natural diurnal variation of concentrations
rather than a treatment-dependent response (Fig. 3c).
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Table 1 The mean total leaf dry weight, leaf area and specific leaf area

Cultivar Treatment Total leaf dry weight (g) Total leaf area (cm?) Specific leaf area (cm? gfl)

Titicaca L2 10.01 (40.80) 1318.25 (£100.67) 131.37 (£1.98)*
Ls'? 8.59 (£0.97) 1400.63 (£149.90) 163.96 (£5.51)°
s! 6.95 (+0.44) 1442.63 (+89.52) 208.07 (£3.70)¢
SL! 8.53 (£1.06) 1255.50 (£150.67) 148.21 (£5.30)°

Achachino L? 9.99 (£1.06) 1213.13 (£129.60) 120.60 (+4.49)*
LS? 7.70 (£0.52) 1391.50 (£89.81) 182.21 (£7.02)°
s! 8.16 (+0.74) 1529.50 (£137.95) 188.17 (£3.65)°
SL! 10.29 (£1.70) 1257.63 (£220.09) 121.46 (+4.66)"

Cultivar NS (0.054) NS <0.001

Treatment NS NS NS

Cultivar x treatment NS NS NS

Lower case letters refer to comparisons between treatments within each cultivar. Values followed by same letter are not statistically significant,

Values are mean &= SE, n = 8; P < 0.05

! Developed seeds

2 Interrupted before final development stages due to excessive growth, limited by climate chamber height

Table 2 Harvest data for the short day and short-to-long-day treated plants that were grown to maturity show mean dry matter allocation to
vegetative and reproductive organs, seed yield and weight of 1,000 seeds

Cultivar Treatment  Vegetative dry weight (g)  Reproductive dry weight (g)  Yield (g) 1,000 Seed weight (g)
Titicaca S 10.69 (£1.84) 35.33 (2.16)° 2791 (£2.53) 2.78 (£0.23)

SL 10.38 (£1.33) 45.61 (£5.09)* 36.65 (+4.85) 3.18 (£0.16)
Achachino S 9.44 (£0.80)" 35.99 (£6.30) 19.65 (£1.71)*  2.79 (£0.17)

SL 30.89 (£1.33)° 28.21 (£3.77) 8.16 (£2.97)° 2.16 (£0.24)
Cultivar <0.001 NS <0.001 0.021
Treatment <0.001 NS NS NS
Cultivar x treatment <0.001 NS (0.063) 0.003 0.018

Vegetative dry weight includes stem and leaf mass. Reproductive dry weight includes seeds and all other components that comprise the panicle

structure (£SE, n = 8; P < 0.05)

Soluble Sugar Responses

The same comparison approach carried out for ABA was
applied to the soluble sugar analysis.

Sucrose and hexose concentrations for the L, LS and S
treatments did not exhibit significant fluctuations between
sampling days for Titicaca or Achachino. Only the plants
subjected to SL conditions showed a response with a sig-
nificant increase of hexose and sucrose concentrations over
time (P < 0.05) in both cultivars from Day to Day;. The
significantly increased hexose and sucrose levels, caused
by the added productivity as a result of the increases in
light integral and photoperiod, were sustained through to
Day, for Titicaca, but not with similar significance for
Achachino when making the comparison between levels of
the four treatments for Day, (Fig. 3a, b).

Discussion

Based on the results of the present study and the previous
studies by Christiansen and others (2010) and Bertero and
others (1999), it is clear that quinoa is a facultative short
day plant rather than qualitative, indicating that regardless
of cultivar adaptation, quinoa is capable of flowering under
a wide range of day-lengths. As seen in the present and
previous studies (Christiansen and others 2010), this does,
however, not guarantee seed yield, which underscores the
importance of including plant development beyond flow-
ering in future quinoa adaptation studies. Our observations
of long photoperiods noticeably affecting quinoa devel-
opment after the onset of flowering are in accordance with
what has been documented in other quinoa focused studies
(Bertero and others 1999) and other short day species
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(Roberts and Summerfield 1987), particularly with regards
to variation in critical photoperiods between differently
adapted cultivars of tropical legumes (James and Lawn
2011; Lawn and James 2011). For Titicaca, neither seed
set nor development towards maturity was affected by the
photoperiod treatments, implying that it is truly day-length
neutral. The vegetative growth response of Achachino after
exposure to long photoperiods is similar to that of toma-
toes, as reported by Dorais and others (1996), and tropical
legumes (James and Lawn 2011). The indications of dif-
ferences in resource allocations seen between the plants of
the two cultivars that were grown to maturity from the S
and SL treatments, are also in agreement with what was
reported for tomato and sweet pepper plants (Dorais and
others 1996), where extended photoperiods resulted in
further shoot development and carbohydrate accumulation
in leaves being favoured over fruit development. In con-
trast, the day-length neutral pepper plants responded to the
added hours of light by significantly increasing fruit yield
(Dorais and others 1996) which is what the present data
suggest are also the case for the photoperiod-neutral Tit-
icaca subjected to the SL treatment. In the day-length
neutral Titicaca, sucrose concentration was fairly stable
between treatments, only the SL treatment showed sig-
nificant variation with an increase after the shift from short
to long days, compared to the other treatments, which was
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to be expected from suddenly increasing the period of
carbon gain. If this increase had been caused by the
increases in average diurnal temperature due to the added
hours of light, we would have detected a constant higher
level of sugars in the L compared to S-treated plants. But
this was not the case, we have to consider the soluble sugar
response as a specific result of a shift to longer photope-
riod. The significantly lower specific leaf area found in the
L and SL treatments, for both Titicaca and Achachino,
compared to the S and LS-treated plants, indicates that leaf
growth is acclimated instantaneously to the light environ-
ment and that it is determined by the last imposed duration
of the photoperiod treatment. Leaf components such as leaf
thickness, nitrogen and carbon status have in other studies
been shown to rapidly change as the existing leaves
acclimate to changing light levels (Rodriguez-Calcerrada
and others 2008; Wentworth and others 2006). In the
present case, we suspect that the increased leaf density
found in the SL and L treatments for both cultivars could
be a result of starch accumulation, as reported for tomatoes
(Dorais and others 1996). The significant increase in ABA
for Titicaca, caused by the extended photoperiod, is con-
sistent with earlier findings in spinach (Zeevaart 1971) and
for wheat (Nan and others 2002). Increased ABA levels in
spinach were by Zeevaart (1971) suggested to possibly
inhibit other phytohormones, hereunder gibberellins (GA),
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which would otherwise play an antagonistic role in relation
to ABA throughout numerous developmental plant pro-
cesses (Weiss and Ori 2007). Regulation of transitioning
from vegetative to reproductive development, amongst
others, depends on the balance of GAs and ABA and hence
also the ability of the plants to mobilize these hormones in
response to changing environmental cues (Domagalska and
others 2010; Li and others 2011; Liu and others 2005;
Wingler and others 2006) and in turn the circadian clock
appears to also actively regulate the signalling function of
ABA by affecting everything from metabolism to percep-
tion and activity of the hormone (Seung and others 2011).
The ABA concentration increase, we measured in Titicaca
under the SL treatment, was of much greater magnitude
than the increase in Achachino, and only Titicaca devel-
oped to seed maturity under the SL and L photoperiod
treatments. Wentworth and others (2006) also noted dif-
ferences between two common bean varieties in their
ability to synthesise ABA and subsequent acclimation
potential in response to abiotic stress. Although the ABA
response for Achachino was shown to be statistically sig-
nificant, further analysis suggests that the increase for
ABA in Achachino can be attributed to diurnal variations
rather than treatment effects. Both ABA and sugar accu-
mulation can occur under various stress conditions (Nan
and others 2002; Ramel and others 2009), but more recent
theories and experimental data (Finkelstein and Gibson
2001; Gibson 2003; Rolland and others 2006; Wingler and
others 2006) increasingly support the notion that variation
in sugar production and plant hormone concentrations is
not entirely unrelated and sugar levels may act as simul-
taneous or causal signalling molecules in integrating
responses to environmental stimuli (Wingler and others
2006), thereby dictating the hormone (that is, ABA)
dependent regulation of plant growth (Finkelstein and
Gibson 2001; Gibson 2003, Gibson 2005; Pourtau and
others 2004; Wingler and others 2006). Although a sudden
switch between photoperiods will never occur under nat-
ural conditions, by triggering the response and causing a
peak in ABA and sugar accumulation, masking of
responses and mechanisms due to very small changes in
concentrations caused by gradually increasing photoperi-
ods and challenges with timing of measurements is avoi-
ded. The intense chlorosis in the lower leaves of Titicaca
under long photoperiods, which did not lead to immediate
leaf death or abscission, suggests a simultaneous re-
mobilization of leaf-nitrogen as a result of the ABA and
sugar concentration increases and would further support
the notion that they both play an important part in regu-
lating the source-sink relationships and seed maturation
(Liu and others 2005; Pourtau and others 2004; Wingler
and others 2006). In the present experiment, we created the
different day-length treatments by changing the daily

duration of actinic light. As a consequence, both the light
integral and temperature sum were affected. The abrupt
changes in photoperiod provoked plant response mecha-
nisms and within 24 h after changing from long to short
days we detected a short, but strong transitional peak in
ABA concentrations in Titicaca, which may indicate that
also ABA is relevant in day-length signalling and plant
adaptation to the light environment, particularly for the
photoperiod-neutral quinoa cultivar. The content of soluble
sugars also increased from short to long days, in both
Achachino and Titicaca. There the increase in light integral
could be considered to have an effect, but if that was true
the sugar content of the L-treated plants should persistently
be higher than that of the S-treated plants. Because this
was not the case, we have to assume that the responses we
measured were mainly due to the increase in photoperiod
and not daily radiation amount. To clearly distinguish
between the effects of day-length and light integral effects,
a different experimental design has to be used where a
change in day-length extension is created with incandes-
cent bulbs, triggering the phytochrome system, but staying
below actinic levels to separate day-length effects from
those that depend on the light integral (Islam and others
2004). Overall, based on the plant development correlated
with the photoperiod-induced concentration changes, our
results suggest that both ABA and soluble sugar responses
may be involved in quinoa cultivar specific day-length
adaptation. In the future it could also be interesting to
include physiologically active components such as proline,
auxins and other phytohormones in the pursuit of further
analysis of underlying photoperiod-response mechanisms.
Ultimately, crop adaptation and yield potential are deter-
mined by the plasticity of a host of physiological compo-
nents and mechanisms to respond not only to more urgent
environmental variation in cases of drought and soil
salinity, but also to something as basic as light quantity
and quality. This study supports the notion reiterated by
others (for example, Chu and others 2005; Gibson 2005;
Rolland and others 2006; Seung and others 2011; Weiss
and Ori 2007) that plant responses to the light environ-
ment, are a highly complex area of study, involving
numerous components in a multi-dimensional network
with branched and parallel signalling pathways leading to a
myriad of physiological and morphological responses.
Further studies aiming to gain more in-depth knowledge of
physiological differentiation of contrasting cultivars (Ber-
tero and others 2004; James and Lawn 2011, Lawn and
James 2011; Wentworth and others 2006), as well as
growth patterns and carbon and nitrogen dynamics in
quinoa, will be important for the success and efficiency of
future selection criteria for quinoa adaptation outside its
native region (Bertero and others 2004; Haussman and
others 2012; Wright and others 1996).
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