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Abstract
Recent studies indicated new perspectives on the morphology and architecture of the quinoa root system, its intraspecific 
diversity and plasticity in response to drought. This study therefore aimed to evaluate wherether promoted development of 
root system due to the plasticity triggered by drought stress would contribute to increased growth, and yield of quinoa. The 
experiment was conducted with randomized complete block design with 6 replications. The main plots were Green (G1) 
and Red (G2) varieties and sub-plots were three soil moisture contents (SMC, w/w): 30% (W1) as control, 20% SMC (W2), 
and 15% SMC (W3). The results showed that the growth of varieties was significantly affected by the different soil water 
regimes. The root traits such as total root length, total nodal root length, total lateral root length, and nodal root numbers 
under drought treatments (W2 and W3) were significantly higher as compared with those under control. Furthermore, the 
root plasticity was expressed in both G1, G2 varieties, which resulted in significantly increased water use, shoot dry matter, 
and consequently increased yield and yield components. In addition, the positive and significant relationships were observed 
among measured traits (total root length and water uptake, water uptake and shoot dry weight, and shoot dry weight and 
yield) of two varieties under different water regimes. These results proved that in both varieties, root plasticity was triggered 
by drought, which enhanced root systems development contributing to increased water uptake, shoot dry weight and yield.
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Introduction

The negative impacts of climate change on livelihoods 
and food systems across the world aggravate the effects of 
multiple stress factors faced by millions of predominantly 
farming households. Changes in rainfall patterns, leading to 
pronounced drought, is the most serious factor influencing 
crop production (Rajsekhar and Gorelick, 2017; Siddiqui 
et al., 2021) and overall threatening food security (Hussain 
and Sulaimon 2018; Iqbal et al., 2018; Iizumi and Wagai, 
2019). Therefore, exploiting drought tolerance in crops is a 

way to contribute to that stability and has become an impor-
tant target for plant production in the near future.

Quinoa (Chenopodium quinoa Willd.) is of interest in a 
number of countries, because of its nutritional value and 
also because it is also a very highly drought and salt stress 
tolerant (Jacobsen et al. 2003). Quinoa is a South American 
crop plant whose seed has become an extremely popular food 
product in the last 40 years, particularly in Europe, North 
America, Southern Africa, South America (centre of origin) 
and Asia. FAO (2013) selected quinoa as one of the crops 
destined to offer food security in the twenty-first century. 
Quinoa has been known with excellent nutritive traits such as 
high energy, high quality and gluten-free protein i.e., quinoa 
(González et al., 2015). Besides, quinoa was proved to adapt 
to various abiotic stresses (Jacobsen et al., 2003; Razzaghi 
et al., 2012; Cocozza et al., 2013; Iqbal et al., 2018; Hinojosa 
et al., 2018) including drought (Vacher, 1998; Fghire et al., 
2013; Sun et al., 2014; Zurita-Silva et al., 2015; Iqbal et al., 
2018; Aziz et al., 2018; Hinojosa et al., 2018) and saline 
stress (Prado et al., 2000; Wilson et al., 2002; Gómez-Pando 
et al., 2010; Ruiz-Carrasco et al., 2011; Adolf et al., 2012; 
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Eisa et al., 2012; Shabala et al., 2013; Arshadullah et al., 
2016). Quinoa represents an invaluable opportunity, both as 
a potential crop in consideration of present and future climate 
change challenges, and as an important source of genes with 
biotechnological applications (Sun et al. 2014). This species 
was also found to be an outstanding model for the study of 
intra and interspecific variation in growth and development 
patterns along with the response of shoots and root architec-
ture to water deficit (Fry et al., 2018).

Root system plays an important role in water and min-
eral absorption, and in the synthesis of various essential 
compounds for shoot growth. Roots are known to have high 
plasticity and this allows them to adjust to environmental 
changes (York et al., 2016). In upland crops such as bread 
wheat (Ehdaie et al., 2012), cassava (Kengkanna et al., 
2019), maize (Nakamoto, 1993; Gao and Lynch, 2016), 
millet (Rostamza et al., 2013), soybean (Ye et al., 2018), 
and tomato (Ekanayake Midmore, 1992), the plasticity in 
deep rooting under progressive drought is also of tremen-
dous advantage for maintaining growth and yield. In quinoa, 
although many studies focused on shoot growth responses of 
quinoa to drought stresses (Fghire et al., 2013; Zurita-Silva 
et al., 2015; Aziz et al., 2018) and root growth response to 
drought was reported by Alvarez Flores et al. (2018) which 
suggested almost null information on roles of quinoa root 
plasticity under water regimes. Thus, the current study there-
fore aimed to evaluate wherether promoted development of 
root system due to the plasticity triggered by drought stress 
would contribute to increased growth, and yield of quinoa.

Materials and methods

Plant materials

Two quinoa varieties with Chilean origin as Red (G1) and 
Green (G2) were used in this study.

Experimental design and treatments

The experiment was conducted under semi-controlled con-
ditions in a greenhouse at the Faculty of Agronomy, Viet-
nam National University of Agriculture (latitude 20o 60′N, 
longitude 105o 56′W, altitude ~ 20 m.a.s.l.) from March to 
July 2019 (dry season, 11h42′ to 13h19′ in day length and 
8.6–18.9 MJ/m2/day in daily solar radiation).

The seeds of each variety were soaked in water. Three 
pre-germinated seeds of each variety were sown in plastic 
pots (200 mm in bottom diameter, 300 mm in top diameter, 
and 200 mm in height) with 5 kg dried paddy soil (sandy 
clay-loam) that was passed through a 3-mm sieve and mixed 
thoroughly with compound fertilizer (90  kg  N + 60  kg 
P2O5 + 60 kg K2O per ha (Hoang et al., 2015) at the rate of 

50 mg N per kg soil with 20% soil moisture content (SMC, 
w/w) of plastic pot. The experiments were arranged in the 
Randomized Complete Block Design (RCBD) with six rep-
lications (1 pot was used as1 replication). The seedlings 
were thinned to one plants per pots at the 4–5 leaf stage. 
Three soil moisture conditions (SMC) were as follows: 
Well-watered (30% SMC (w/w), W1) as control; Normal-
watered (20% SMC, W2); limited-watered (15% SMC, W3) 
as drought. For well-watered condition, the plant was con-
tinuously grown to harvest stage. In the W2 treatment, con-
tinuously kept SMC in pot at 20% SMC during experiment. 
In the W3 (severe drought), drought was imposed by drying 
the soil from 20 to 15% SMC (w/w) (W3). After that, water 
was added in every 2 days to set the target SMC.

Each plastic pot was weighed daily by electronic bal-
ance OHAUS V71P15T to determine the amount of water 
lost, which was replenished according to the target SMC 
and recorded as evapotranspiration. Nine plastic pots with-
out plants representing each water treatment were used to 
measure the amount of evaporation from the soil. Whole 
plant transpiration was calculated as the difference between 
evapotranspiration from each pot with plant and the average 
evaporation of nine pots without plant. At the milk stage, 
half of the plants in each treatment (three pots) were sampled 
for measurement; the remaining plants were grown until at 
the end of experiment.

Measurements

Growth traits including growth duration, germination rate, 
plant height (PH), stem diameter (SD) and  number of 
branches (NoB) on main stem were measured at the milk stage 
and harvest stage. PH was the height of the main plant from 
the surface of the soil pot to the top of the main stem. SD was 
measured at 2 cm height. We used axillary bud as thresholds 
for counting NoB. Shoot was determined after drying samples 
at 80 °C for three days until constant weight was observed. 
At harvest, seed yields of each variety were estimated. SPAD 
index was calculated using SPAD (Konica-Minolta 502, 
Japan). Leaf area was calculated by weighing method.

 Total water uptake (WU) was calculated by weighing 
the amount of water lost in pots holding plants by electronic 
balance OHAUS V71P15T and then subtracting the amount 
of water lost from the pot without plant in each formula and 
further added the amount of water equal to the amount of 
water loss in each pot.

For total root length (TRL): each root sample was cut 
into approximately 1-cm segments and spread on a trans-
parent plastic sheet with minimal overlapping. Digital tiff 
files were taken using an image scanner (EPSON Expres-
sion V700 photo). Scanned images were analyzed for root 
length using WinRhizo PRO 2012 (Regent Instrument Inc.) 
(Bouma et al., 2000). Total root length (TRL) was estimated 
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as the total length of roots with less than 0.3 mm in diameter. 
Total nodal root length (TNRL) was computed as the differ-
ence between the total root length and total nodal root length 
(Yamauchi et al., 1996). Number of nodal roots was counted 
as the number of nodal roots on the main root.

The plasticity in nodal root number and TLRN, which 
was expressed under drought conditions was calculated 
using single replicates from the drought treatment and mean 
values from the control (WW) treatment as follows:

Root plasticity=
[

XSMF−XWW

XWW

]

where X is the number of nodal roots number, TLRN.

Data analysis

We used a two-way analysis of variance (ANOVA) to com-
pare the average values within treatments among varieties, 
and for the variety by treatment interaction. LSD (Least 
significant difference) test was used to find the means that 
were significantly different from each other. Correlations 
regression analysis was also calculated to understand the 

relationships among measured traits. Data were analyzed 
using the IRRISTAT 5.0 software.

Results

Responses in growth of two quinoa varieties 
under different soil moisture conditions

Two quiona varieties possessed similar germination rate at 
different soil moisture conditions. The total growth duration 
of quinoa varieties ranged from 90 to 96 days after sowing. 
Drought conditions prolonged the growth period of quinoa 
varieties but not significantly (Table 1).

The plant height of quinoa increased gradually over the 
follow-ups. There were no significant difference between 
two quinoa varieties but the plant height of both varieties 
were significantly higher in W2 and W3. At harvest stage, 
the plant height was significantly highest in G1W3 as com-
pared with another treatments (Table 2).

Table 1   Effect of different soil moisture to germination rate and growth duration of quinoa

Varieties Soil moisture 
content (%)

Germination 
rate (%)

Growth duration ( days)

Sowing—Ger-
mination

Flower stage Flowering—
Seed

Seed-Milk 
stage

Milk stage—
Harvest

Total growth 
duration 
(day)

G1 W1 90 4 31 15 16 24 90
W2 92 4 31 18 18 27 96
W3 93 4 31 16 17 25 93

G2 W1 93 4 32 14 17 24 91
W2 92 4 32 15 16 24 91
W3 92 4 32 16 17 26 95

Table 2   Effect of different soil 
moisture conditions on growth 
of plant height of two quinoa 
varieties

LSD smallest deviation value at 95% probability, DAS the day after sowing. The same letters in the same 
column show no difference, different letters in the same column represent the difference at 95% confidence

Varieties Soil moisture 
condition (%)

Growth time (Unit: cm plant−1)

28DAS 40DAS 50DAS 60DAS 70DAS Harvest

G1 W1 15.1 41.1 50.3 58.9 66.5 71.4d

W2 13.6 41.0 51.3 60.7 74.6 82.8b

W3 13.9 41.3 57.8 81.8 94.9 102.3a

Average G1 14.2 41.1 53.1 67.1 79.0 85.5
G2 W1 15.7 44.5 58.0 71.4 85.3 90.5b

W2 16.0 42.7 60.9 71.4 85.3 90.5b

W3 14.9 45.2 56.1 62.4 72.0 76.9c

Average G2 15.5 44.1 58.3 68.4 80.9 85.9
LSD0.05 W 7.0
LSD0.05G 5.7
LSD0.05G*W 10.0
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The number of branches of two quinoa varieties increased 
gradually during the growth stage. At harvest stage, G2W2 
treatment was significantly highest in the number of 
branches, followed by G1W3 treatment (Table 3).

The stem diameters of two quinoa varieties were not sig-
nificantly different among soil moisture conditions and the 
stem diameter ranged from 1.06 cm to 1.42 cm (Table 4).

Root system development responses

The root system developed under drought water treatment 
was always longer than that under well water treatment. The 
root system developed of G2 variety was always longer than 
that on G1 variety at all stages of growth stage but not sig-
nificantly different (Table 5). The root traits such as total root 
length (TRL), total nodal root length (TNRL), total lateral 
root length (TLRL), and nodal root numbers (NRN) under 

drought treatments (W2 and W3) were significantly higher 
as compared with those under control.

The different varieties combined with different soil mois-
ture conditions affected the root system development. At all 
growth stage, G1W3 and G2W2 had a significantly higher in 
TRL, TNRL, TLRL, NRN than those of another treatments 
(Table 5).

Responses in physiological characteristics

There were not significant difference of SPAD index 
between two quinoa varieties at milk and harvest stages. At 
milk stage, drought treatments increased the SPAD index 
as compared to control condition (W2). Nevertheless, there 
were no significantly different in SPAD index among soil 
moisture conditions at harvest stage (Table 6).

Table 3   Effect of different soil 
moisture conditions on number 
of branches of two quinoa 
varieties

LSD smallest deviation value at 95% probability, DAS the day after sowing. The same letters in the same 
column show no difference, different letters in the same column represent the difference at 95% confidence

Varieties Soil moisture 
condition
(%)

Growth duration

28DAS 40DAS 50DAS 60DAS 70DAS Harvest

G1 W1 9.5 12.1 14.5 16.3 18.5 19.8b

W2 9.5 12.5 14.5 16.1 18.1 19.6b

W3 9.0 12.0 14.6 17.0 20.1 22.3a

Average G1 20.6
 G2 W1 8.8 12.6 14.3 16.0 18.0 19.1b

W2 9.3 12.6 17.6 21.0 23.6 26.6a

W3 9.0 12.3 14.6 16.6 18.5 21.0b

Average G2 22.7
 LSD0.05 W 2.0
 LSD0.05G 1.7
 LSD0.05G*W 2.9

Table 4   Effect of different soil 
moisture conditions on the 
growth of stem diameter of two 
quinoa varieties

LSD smallest deviation value at 95% probability, DAS the day after sowing. The same letters in the same 
column show no difference, different letters in the same column represent the difference at 95% confidence

Varieties Soil moisture 
condition (%)

Growth duration (Unit: cm)

28DAS 40DAS 50DAS 60DAS 70DAS Harvest

G1 W1 0.57 0.65 0.71 0.81 0.90 1.06a

W2 0.58 0.67 0.76 0.89 1.02 1.21a

W3 0.62 0.79 0.93 1.18 1.37 1.42a

Average G1 1.23
 G2 W1 0.59 0.66 0.73 0.82 0.92 1.06a

W2 0.63 0.80 0.91 1.02 1.14 1.29a

W3 0.60 0.69 0.80 0.92 1.02 1.20a

Average G2 1.18
 LSD0.05 W 0.42
 LSD0.05G 0.34
 LSD0.05G*W 0.59
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Varieties interactions with SMC affected the SPAD index 
of quinoa. The period milk at G2W2 gave significantly high-
est SPAD index and the lowest was at G2W1 during all 
stages. The SPAD index decreased from milk stage to har-
vest stage in both G1 and G2 variety (Table 6).

At milk stage, there were not significant difference in leaf 
area among all SMC and quinoa varieties. But, drought treat-
ments (W2, W3) increased the leaf area of both varieties as 
compared with control treatment (W1) (Table 6).

There were no significant difference in SDW between two 
quinoa varieties under milk stage. But, the SDW of G1 vari-
ety was significantly higher than that of G2 variety at harvest 
stage. The SDW under drought water treatments were always 
significantly higher than that under well-water treatment at 
all stages. The SDW of G1W3 was significantly highest, 
followed by G2W2 at harvest stage (Table 7).

Total water uptake of G2 variety was significantly higher 
than that of G1 variety in all two sampling periods. Total 
water uptake under drought water treatments (W2, W3) 
were significantly higher than that under well water treat-
ment. Total water uptake under W2 treatment was signifi-
cantly highest, and the lowest under W1. Total water uptake 
increased from W1 to W2 then decreased in W3 (Table 7).

Under different SMC combined with different varieties 
affected the total water uptake of the two quinoa varieties. 
Decreased SMC, increased the total water uptake of the 
quinoa varieties. The total water uptake in the drought 
water treatments were always higher than that in the well-
watered treatment in all two sampling periods of both G1 
and G2 varieties. At harvest stage, G2W2 treatment was 
highest in water uptake but there was no significant differ-
ence with G1W3, G2W3 and G1W2 (Table 7).

Responses in yield and yield components

There were no significant difference in P1000 seed 
between the two varieties under different soil moisture 
conditions. The individual yield of G2W2 showed the 
highest value but no significant difference with G1W3 
treatment. Individual yield of drought treatments were 
higher than those of control treatment (Table 8).

Table 5   Effect of different soil moisture condition to root system development of quinoa varieties

LSD smallest deviation value at 95% probability, DAS the day after sowing. The same letters in the same column show no difference, different 
letters in the same column represent the difference at 95% confidence

Varieties Soil mois-
ture content
(%)

TRL
(m plant−1)

TNRL
(m plant−1)

TLRL
(m plant−1)

NRN

Milk stage Harvest stage Milk stage Harvest stage Milk stage Harvest stage Milk stage Harvest stage

G1 W1 97.7b 101.3c 33.7 37.6b 63.9b 63.7b 32.6b 35.3b

W2 101.7b 107.9ab 37.4 38.2b 64.3b 69.7a 36.3b 39.3ab

W3 109.3ab 114.6ab 40.7ab 44.3ab 68.5ab 70.2a 40.3ab 43.3a

Average G1 102.9 107.9 37.3b 40.0 65.6ab 67.9 36.4b 39.3
 G2 W1 93.7b 98.2d 30.6b 35.2b 63.0b 63.0b 31.6b 35.3b

W2 113.2a 117.7a 43.5a 46.8a 69.7ab 70.8a 42.6a 45.6a

W3 103.3b 108.3ab 31.0b 34.3b 72.3a 74.0a 36.3b 40.3ab

Average G2 103.4 108.1 35.0b 38.8 68.3 69.3 36.8 40.4
 LSD0.05 W 6.6 6.5 3.2 2.8 4.9 4.1 4.0 4.1
 LSD0.05G 5.4 5.3 2.6 2.3 4.0 3.3 3.3 3.4
 LSD0.05G*W 9.4 9.2 4.5 4.0 6.9 5.8 5.7 5.9

Table 6   Effect of different soil moisture conditions to SPAD on two 
quinoa varieties

LSD smallest deviation value at 95% probability, DAS the day after 
sowing. The same letters in the same column show no difference, dif-
ferent letters in the same column represent the difference at 95% con-
fidence

Varieties Soil 
moisture 
condition 
(%)

SPAD Leaf area (m2 
plant−1)

Milk 
stage

Harvest Milk 
stage

Harvest

G1 W1 53.7ab 52.0b 2.2a 2.6b

W2 51.8b 50.7b 2.6a 2.8a

W3 53.8ab 52.3b 3.0a 3.3a

Average G1 53 51 2.6 2.9
 G2 W1 51.3b 49.9b 2.4a 2.6b

W2 58.3a 57.1a 3.0a 3.4a

W3 53.9ab 53.3ab 2.6a 2.9a

Average G2 54 53 2.6 3.0
 LSD0.05 W 2.6 3.2 0.6 0.5
 LSD0.05G 2.1 2.6 0.5 0.4
 LSD0.05G*W 3.7 4.6 0.9 0.7
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Plasticity in nodal root number and total lateral root 
length

Under drought water treatments (W2, W3), both quinoa 
varieties (G1 and G2) showed root plasticity in nodal root 
number. At all growth stages, the G2 variety under W2 
condition showed the highest plasticity in nodal root num-
ber, followed by G1W3 treatment and the lowest plasticity 
in nodal root number was shown in G1 variety under W2 
condition. Under W3 condition, the plasticity in nodal root 
number of G1 variety was always higher than G2 variety 

in all stages while under W2 condition, the plasticity in 
nodal root number of G2 variety was higher as compared 
to G1 variety (Fig. 1).

The root plasticity in lateral root length was expressed 
in both G1 and G2 varieties. At all stages, the G2 variety 
showed higher plasticity of lateral root length than that of 
G1 variety under drought water treatment (W2, W3). At 
all stages, the G2 variety under W3 condition showed the 
highest plasticity in lateral root length, followed by G2W2 
treatment. The plasticity in lateral root length of G1 variety 
under W2 condition was lowest (Fig. 2).

The results of correlation regression analysis

There were a positive and significant correlation between 
TRL and WU in both quinoa varieties and soil moisture con-
ditions. The TRL was increased, then the total water uptake 
was also increased in both of G1 and G2 varieties (Fig. 3).

Table 7   Effect of different soil 
moisture conditions to shoot dry 
weight and total water uptake 
on two quinoa varieties

LSD smallest deviation value at 95% probability, DAS the day after sowing. The same letters in the same 
column show no difference, different letters in the same column represent the difference at 95% confidence

Varieties Soil moisture 
condition (%)

Shoot dry weight (g plant−1) Unit: Liters (l)

Water uptake (l plant−1)

Milk stage Harvest Flowering -Milk Harvest

G1 W1 17.6c 21.2de 5.4e 2.6b

W2 18.5ab 24.3c 6.4c 2.8a

W3 20.6a 27.1a 9.6b 3.3a

Average G1 18.9 24.2c 7.1 2.9
 G2 W1 16.5c 20.0e 6.0d 2.6b

W2 22.1a 25.7b 10.8a 3.4a

W3 19.9ab 22.1d 6.9c 2.9a

Average G2 19.5 22.6 7.9 2.9
 LSD0.05 W 1.9 0.9 0.4 0.4
 LSD0.05G 1.5 0.7 0.3 0.3
 LSD0.05G*W 2.7 1.3 0.6 0.6

Table 8   Effects of different soil moisture condition to yield compo-
nents and yield on two quinoa varieties

LSD smallest deviation value at 95% probability, DAS the day after 
sowing. The same letters in the same column show no difference, dif-
ferent letters in the same column represent the difference at 95% con-
fidence

Varieties Soil 
moisture 
condition
(%)

P1000 seed
(g)

Individual 
yield
(g plant−1)

Yield
(tones ha−1)

G1 W1 2.14a 20.73d 1.45d

W2 2.18a 23.80c 1.66c

W3 2.26a 26.89ab 1.80ab

Average G1 2.19 23.83 1.63
G2 W1 2.18a 21.40d 1.55c

W2 2.52a 28.62a 1.91a

W3 2.34a 23.90c 1.77ab

Average G2 2.35 24.60 1.74
LSD0.05 W 0.05 1.75 0.16
LSD0.05G 0.04 1.40 0.13
LSD0.05G*W 0.69 2.48 0.22
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Fig. 1   Root plasticity in nodal root number
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The same trends was found in the correlations between 
WU and SDW, SDW and yield in both quinoa varieties and 
soil moisture conditions (Fig. 4, 5).

From these correlation, we seen under SMC different the 
TRL is increasing, the yield of quinoa is also increasing in 
both of G1 and G2 varieties.

Discussion

Quinoa growth was significantly reduced by stress effects 
(Iqbal et al., 2018; González et al., 2011). Stikic et al. 
(2015) pointed out that drought stress significantly reduced 
leaf area, leaf, stem diameter and root dry weight, but was 
not significant for plant height. Yang et al. (2016) also 
stated that quinoa´s shoot biomass and plant height were 
decreased under deficit irrigation conditions. Our results 
of G2 varieties are in harmony with the result of previous 
studies which highlighted the reductions in plant height, 
number of branches, number of leaves, shoot diameter, 
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Fig. 3   The results of correlation 
regression analysis between 
TRL and water uptake of G1 
(a), G2 (b) varieties under dif-
ferent SMC. *, ** significant at 
P < 0.05 and P < 0.01, respec-
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shoot dry weight and seed yield (Table 1–8). However, 
quinoa is regarded as a drought tolerant crop as G1 showed 
better growth performances under W3 as compared to 
those under W2. Interestingly, the growth traits of both 
varieties showed the lowest values under W1 as compared 
to other water regimes. These results in current study 
agreed with González et al. (2009) who suggested that the 
several negative effects of excessive water on plant and 
root dry weights, chlorophyll contents; and high amounts 
of soluble sugars and starch.

Roots are the first organ to sense moisture changes and 
water stress plays a direct role by changing root system 
architecture (Fry et al., 2018; Gupta et al., 2020). Plasticity 
in deep root system development has been observed under 
progressive drought conditions (Nakamoto, 1993; Ehdaie 
et al., 2012; Rostamza et al., 2013; Suralta et al. 2016) 
as the plasticity in deep rooting under progressive drought 
is also of tremendous advantage for maintaining growth and 
yield (Ekanayake and Midmore, 1992; Comas et al. 2013). 
Quinoa´s drought tolerance is based at least partially on the 
high plasticity of its root system. Alvarez-Flores et al. (2018) 
detected that quinoa changed root architecture under water 
deficit through faster elongation along with abundant and 
longer external root´s branching improving their foraging 
capacity compared to Chenopodium hircinum, quinoa´s 
wild ancestor. Gámez et al. (2019) proposed that greater 
root development and a better stomatal opening adjustment 
could help in maintaining seed yield of Rainbow quinoa 
under drought stress. In our study, variation in root plastic-
ity of quinoa plant were also found under W2 and W3 as 
compared to W1 (Figs. 1, 2).

Higher plasticity in root development is important for 
promoting water uptake (WU) (Palta et  al., 2011). The 
results in this study indicated a positive and significant cor-
relation between TRL and WU in both quinoa varieties and 
soil moisture conditions (Fig. 3). The TRL was increased, 
then the total water uptake was also increase in both of G1 
and G2 varieties. These results suggest that by a combined 
analysis of root growth and its association with water can 
be  used for  more mechanistic understanding of factors 
involved in quinoa root responses to drought.

In conclusion, we found the root plasticity was expressed 
under water-deficit conditions, which resulted in signifi-
cantly increased WU, SDW, and consequently increased 
yield and yield components. In addition, the positive and 
significant relationships were observed among measured 
traits (TRL and WU, WU and SDW, and SDW and yield) of 
two varieties under different water regimes. These results 
prove that in both varieties, root plasticity was triggered by 
drought, which enhanced root systems development contrib-
uting to increased water uptake, shoot dry weight and yield.
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