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Resource allocation of Arabidopsis thaliana during drought 
 

Introduction  
 
Plants are subjected to a plethora of environmental stresses in the field (Mittler, 2006). 
Manipulating abiotic factors such as water availability (Turnbull et al., 2001; Abbate et al., 
2004), temperature (Paulsen, 1994; Wigge, 2013), salinity (Gupta and Huang, 2014), soil 
composition (Farrell et al., 2013) have been used to induce plant stress to understand the 
underlying mechanisms of plant response to such constraints. It is predicted that there will 
be a 5.8°C temperature rise by the end of the 21st century (Houghton et al., 2001) which will 
consequently lead to more frequent, intense and longer drought events.  
 
Meteorological drought leads to agricultural drought (Figure 1) which has direct impact on 
plant growth (Trenberth et al., 2014). In 1967-2007, extreme drought events lasted longer 
than extreme heat events. From 1980 to 2008, that maize production decreased by 3.8%, 
wheat by 5.5% (Lobell et al., 2011), and during 1964–2007 the cereal production decreased 
by 10.1% globally (Lesk et al., 2016) caused mainly by drought. Over 40% of global food 
production already depends on irrigation systems (Chaves and Oliveira, 2004) and with the 
growing human population, food production has to increase by manifold. However, it is 
predicted that by 2050, 6.5 billion people will be living in countries facing chronic water 
shortage and 36% of the total population will be living in countries that will not be self-
sufficient in terms of food production (Rockström et al., 2009). Therefore, is crucial to 
understand how much and for how long water deficit can be tolerated by crops to plan future 
climate change resilient food production systems (Teixeira et al., 2013; Challinor et al., 2014).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1. The causation of different types of drought due to climate change has not only environmental but economic 
and social impact too (Wilhite et al., 2014). Agriculture is one of the most well-known sector to be affected by droughts 
however, many other sectors (e.g. transportation, energy production) are negatively affected as well. 
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The state of water deficit in plants can induce stomatal closure (Muller et al., 2011) and also 
resource allocation between reproductive and non-reproductive tissues (Herms and Mattson, 
1992; Munne-Bosch and Alegre, 2004). The extent of change depends on both intensity and 
duration of the stress (Figure 2). This partitioning aims to lead to an optimal shift in biomass 
allocation to increase survival (McConnaughay and Coleman, 1999). In many crop and 
vegetable species this leads to a decrease in leaf dry mass ratio to the plant’s total dry mass, 
which has an enormous economic impact in food production (Boogaard et al., 1996; Liu and 
Stutzel, 2004). The root:shoot ratio, which acts as a balance for nitrogen and photosynthesis 
(Ågren and Ingestad, 1987), has been extensively studied but controversial results have been 
observed in different species (Gedroc et al., 1996; Mokany et al., 2006; Anjum et al., 2011). 
In comparative studies, lower root:shoot ratio described the better performing plants, such 
as new wheat (Siddique et al., 1990) and rice varieties (Nada and Abogadallah, 2016) 
compared to older varieties. This ratio has been used for versatile purposes, for example for 
estimating belowground carbon stocks by IPCC (1996), and characterising biomes (Mokany et 
al., 2006) and plant growth forms (Schenk and Jackson, 2002). 
 
Previous studies have used leaf and root biomass along with root:shoot ratios to investigate 
the drought effect on plants, however multivariate analyses reveal more detailed patterns in 
terms of plant growth for Arabidopsis thaliana (Qaderi et al., 2006; Hummel et al., 2010; Vile 
et al., 2012). This model organism has been widely studied (Rhee et al., 2003), therefore 
extensive amount of data is available to understand its regulatory mechanisms and responses. 
However, previous studies had directional hypotheses and did not quantify the change in 
plant structures during drought. Genomics and transcriptomics can identify the genes and 
levels of their expression (Cattivelli et al., 2008) but first, it is crucial to understand the overall 
change in plant structures in terms of stress response.  
 
In this study, we studied the effect of drought using Arabidopsis thaliana by comparing 
control plants to ‘drought treated’ plants induced by chronic water retention for three weeks. 
The first prediction was that there will be an overall decrease in biomass in the treated plants 
which will focus on survival more than growth. Second prediction was that pattern of 
root:shoot ratio will increase which will be a sign of resource allocation. The overall variation 
of different plant structures and their importance was investigated using multivariate 
analysis. 
 
 
 
 
 
 
 
 
 
 

Figure 2. The plant enters an alarm stage induced by an abiotic stress (Kosová et al., 2011). According to the intensity and duration of the stress, it 
might be able to acclimate and recover, or it suffers chronic or acute damage which leads to plant death. Each stage is controlled by different 
signalling pathways and biosynthesis mechanisms. 
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Materials and methods 
 
Fifty Arabidopsis thaliana plants were used for six biomass measurements with three dry 
weight recording. All plants were grown in glasshouse environment in 20°C average 
temperature. Plants were grown in multipurpose compost in 100 ml pots. Control plants were 
regularly watered by glasshouse technicians (T0 treatment, 500 ml up to three times per 
week) while the plants under ‘drought’ treatment (T1) were not watered. The first 
measurements were taken of ten, three week old, control plants (Figure 2). Two weeks later, 
ten control and ten drought treated plants (T2) were measured. The following week another 
ten control and ten drought treated plants were measured. Therefore, the total of 30 control 
plant and 20 drought treated plants were measured in three weeks.  
 
The aboveground biomass was removed, measured (total leaf and stem weight with 0.001 g 
accuracy). The module weight was measured afterwards (soil and pot weight, with 0.01 g 
accuracy). The root system was removed, rinsed and dried by blotting. The total length was 
measured of the longest, primary root with 0.1 mm accuracy. The leaves were cut at the end 
of the petiole, the total leaf area was measured with 0.01 cm2 accuracy and then the petioles 
were removed from the leaves. The total leaf area was measured again without the petioles 
and the total weight of the petioles was also determined. The leaf and petiole areas were 
measured by leaf area measurement system. The samples were labelled individually, and 
students measured one character at a time to ensure uniform measuring. The petioles, leaves 
and roots were baked in an oven at 60°C for 80-90 hours. The dry weights were measured 
afterwards with 0.001 g accuracy.  
 
The root:shoot ratio for dry weights and the ratio between leaf:biomass of dry weights were 
calculated in Excel. As the data set was not normally distributed, Kruskall-Wallis, 
nonparametric test was used with Dunn testing. The data grouping separated the different 
treatments (T0, T1, and T2) and also weeks (W3, W5, and W6). Principal Component Analysis 

Figure 3. Experimental design of studying the drought effect (T1) on Arabidopsis plants. Many 
measurements were taken to test which plant organ (leaf, petiole, or root) is affected by the T1 
treatment. 
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(PCA) was used to retain the most variation of the data with FactoMineR package in R (R 
Development Core Team, 2008), and the contribution of each measurement to the variance 
in the data was calculated. A log+1 transformation increased the linearity assumed by the 
PCA. After the visualisation of variable correlation plot, the highly positively correlated 
variables were omitted from the PCA. Seven outliers (ID11, 14, 18, 21, 23, 37, 50) were 
removed with the mvoutlier package, based on chisq-quantile calculations from the 2.5% and 
97.5% quartile.  
 
Results 
 
Descriptive statistics showed an overall decrease of the weight of the stressed plants in 
comparison to the control plants (Figure 4). All Kruskal Wallis tests were highly significant 
(P<.000, Table 1) for all variables between treatments. The Dunn pairwise test showed that 
there were significant differences between T1 plants’ (n1=20) module weight (P=.001), fresh 
biomass (P=.047), petiole weight (P=.010), and leaf dry weight (P=.028) compared to T0 plants 
(n2=20, Table 2). In week six, all measurements were highly significant (P<0.005) except the 
leaf:biomass dry weight ratio (P=.345) between T0 and T2. Comparison between T1 and T2 
plants also showed significant changes of fresh biomass (P=.021), root length (P=.010), leaf 
area (P=.005), root dry weight (P=.029) and the root:shoot ratio of dry weights (P=.002). 
Comparing T2  plants to week three control plants, significant differences were found 
between module weight (P=.006), petiole weight (P=.002), leaf dry weight (P=.033), and 
petiole dry weight (P=.035) but no difference between root measurements. The ratio of the 
of root lenght:shoot increased in treated plants (Figure 5) and so did root:shoot of dry 
weights. This was an opposite shift to the control plants.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

NS * * 

* NS NS 

* NS * 

NS NS NS 

Figure 4. The different responses in module weight (purple), fresh biomass (dark green), root length (light green) and total leaf area (blue) of 30 
control and 20 drought treated plant with calculated standard error of the mean. The biomass of T1 and T2 plants overall decreased while T0 
plants’ biomass increased. Significant differences according to Dunn testing (*, P<.05; NS, P>.05) are shown. 
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n=40   χ2
(4) P 95% CI 

Module weight   44.914 .000 52.321 - 58.991 
Fresh biomass   43.964 .000 1.652 - 3.189 
Root length  29.321 .000 2.466 - 8.987 
Leaf area with petiole   45.827 .000 35.625 - 67.004 
Leaf area without petiole  45.735 .000 38.494 - 4.741 
Fresh petiole weight  42.649 .000 0.682 - 0.935 
Dry leaf weight  44.563 .000 0.144 - 0.233 
Dry petiole weight  36.377 .000 0.057 - 0.094 
Dry root weight  38.228 .000 1.318 - 5.277 
Dry root:shoot ratio  32.824 .000 3.457 - 15.480 
Dry leaf:biomass 21.925 .000 9.144 - 5.216 
    

 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

Dunn test 
Module 
weight  

Fresh 
biomass  

Root 
length 

Leaf 
area + 
petiole  

Leaf area 
without 
petiole 

Fresh 
petiole 
weight 

Dry 
leaf 
weight 

Dry 
petiole 
weight 

Dry 
root 
weight 

Dry 
root:shoot 
ratio 

Dry Leaf: 
biomass 

T0W3 T0W5 .092 .013 .064 .006 .004 0.390 .000 .000 .010 .759 .000 
T0W3 T0W6 .010 .000 .017 .000 .000 .025 .000 .000 .000 .000 .382 
T0W5 T0W6 .365 .197 .529 .195 .242 .143 .156 .406 .013 .001 .006 
T0W3 T1W5 .126 .560 .482 .254 .218 .073 .028 .008 .003 .077 .007 
T0W5 T1W5 .001 .047 .247 .096 .092 .010 .035 .128 .690 .111 .330 
T0W6 T1W5 .000 .001 .079 .004 .005 .000 .000 .022 .033 .109 .068 
T0W3 T2W6 .006 .069 .059 .102 .120 .002 .033 .035 .371 .214 .083 
T0W5 T2W6 .000 .000 .000 .000 .000 .000 .031 .032 .068 .134 .061 
T0W6 T2W6 .000 .000 .000 .000 .000 .000 .000 .005 .000 .000 .345 
T1W5 T2W6 .208 .021 .010 .007 .005 .157 .866 .519 .029 .002 .375 

 
 
 

Table 1. Kurskal-Wallis test shows highly significant differences between 
all variables throughout the two weeks between treated and control 
plants. 

Table 2. The Dunn pairwise tests between different weeks (W3, W5, W6), and treatments (T0, T1, T2) reveal which variables are significant 
(shown in bold). Control plants differed the most from week three to week five (green). Treated plants compared to control plants different in 
almost all variables in week six (orange). From week five to week six, the treated plants significantly differed by six variables (yellow).  

Figure 5. The root lenght:shoot ratio clearly increased in the treated plants (right) while it was decreasing in the control plants (left).  
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After removing positively correlated variables, the PCA used five variables (module weight, 
fresh biomass, leaf area with petiole, dry petiole weight, dry leaf:biomass ratio) which 
revealed separate clusters according to control versus treated and smaller clusters according 
to different weeks (Figure 6). Axis one (PC1) explained 64.475% of the total variance in the 
data set, axis two (PC2) represented 22.308% while PC3 contained 9.026% of the total 
variance (Table 3). The fresh biomass contributed 29.105% to axis one while the dry weight 
of leaf:biomass ratio represented 81.222% to the total variance explained by PC2 (Table 3). 
Thus, the two groups’ difference can be mostly explained by fresh biomass and the 
leaf:biomass ratio but also the leaf area (contributed 26.023% to PC1) explained most of the 
variation in the data set. Week three T0 plants formed a cluster closer to the T1 plants than 
to the other controls. Dry petiole weight contributed 44.546% to PC3, however it did not 
separate neither the treatment nor the different weeks.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

  PC1 PC2 PC3 PC4 PC5 
Eigenvalue 3.224 1.115 0.451 0.163 0.047 
%of variance explained 64.475 22.308 9.026 3.256 0.935 

Table 3. Posterior eigenvalue distribution on PC axes and the total variance explained by the axes. Most of the variance 
is loaded onto the first three axes. 
 

                    
       

Figure 6. PCA scatterplots with 95% confidence ellipses, coloured according to treatments per weeks. The colour and 
length of the five variables’ arrows indicate their contribution to the total variance on the PC axes and their relative 
location indicates their correlation (same direction is positively correlated, opposite direction is negatively correlated). 
Pictures of the actual plants and roots help visualise the differences between the clusters. 
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  PC1 PC2 PC3 PC4 PC5 
Module weight  20.675 14.993 23.066 36.948 4.318 
Fresh biomass  29.105 0.772 4.752 0.980 64.392 
Leaf area with petiole  26.023 0.352 13.737 57.873 2.015 
Dry petiole weight 23.410 2.661 44.546 0.747 28.636 
Dry leaf:biomass ratio 0.788 81.222 13.898 3.453 0.640 

 
Discussion 
 
In this study we investigated the response of Arabidopsis plants exposed to water retention 
for three weeks. We showed how multivariate methods with non-parametric test provide 
quantitative insight to which plant structures are affected by drought. The plants lost turgidity 
in the basal, larger leaves in week five and throughout the following week, the leaves were 
rapidly turning yellow, became more wrinkled and eventually died off. We found an overall 
decrease in plant biomass of plants exposed to drought which coincided with our first 
prediction (Figure 3, Table 1). There was a significant decrease between the different duration 
of treatment, especially for fresh biomass, root length, leaf area, root dry weight and the 
root:shoot ratio of dry weights (Table 3). This pattern was similar to previous studies done on 
Arabidopsis or closely related Brassica species (Chaves et al., 2002; Qaderi et al., 2006; Müller 
et al., 2010; Husen et al., 2014).  
 
We observed fewer lateral roots from week five to six as a result of drought stress.  
Arabidopsis mutants have been observed to decrease the number of lateral roots or alter 
their morphology with decreasing soil moisture, but have the ability to recover with 
rehydration (Vartanian et al., 1994; Schnall and Quatrano, 1992). We had difficulties removing 
all the soil without damaging the root system, but in comparison to Vaughan et al.’s (2011) 
images, it can be assumed that other studies met the same difficulties, and the additional 
amount of soil did not compromise our findings.  The root:shoot ratio increased while it was 
decreasing for the control plants which was similar in previous studies (Sharp and Davies, 
1979; Chavez et al., 2002; Dhanda et al., 2004; Hummel et al., 2010; Vile et al., 2012) and 
therefore confirmed our second hypothesis (Figure 7a). This could reflect on optimisation of 
water uptake (Blum, 1996; Vile et al., 2012). Interestingly, the leaf:biomass ratio of dry 

Table 4. Variable contribution (%) to the PC axes explain the clusters positions on the PCA scatter plots.  
 

                   

Figure 7.  a) A seven day long drought experiment conducted on Zea mays in their fourth leaf stage showing the increase 
of root:shoot ratio in un-watered plants showing similar pattern to this study (Sharp and Davies, 1979). b) PCA scatterplot 
clustering according to high temperature (HT), control air temperature (CT), water deficit (WD), and well-watered (WW) 
treatments (Vile et al., 2012).  

a) b) 
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weights was not significant between treatments, only throughout the development of the 
control plants (Table 2). This ratio can be more indicative for CO2 and light treatments (Oren 
et al., 1986) but is used for horticultural crop harvest predictions (Marcelis, 1998).  
 
The main aim of this study was to investigate which plant structure is most susceptible to 
drought stress. The PCA provided a reliable method to reveal that the most of the variable 
contribution was explained by leaf biomass rather than roots. Five variables led to the 
separation of both treatments and weeks on the plants’ response to drought (Figure 6, Table 
4). A PCA by Vile et al. (2012) (Figure 7b) showed similar clustering according to water and 
temperature treatments for Arabidopsis. So did Hummel et al. (2010), explaining how 
different intensity and duration of drought treatments clearly separate plant biomass and 
enzyme production. Root length and dry weight did not contribute to the variance in the data 
and these were only significantly different in the stressed plants in week six. Therefore, it can 
be concluded that the plants’ response to drought mostly happened aboveground.  
 

In our study, we only manipulated the watering regime for a model organism however, it is 
important to consider drought effect at different developmental stages as water consumption 
fluctuates throughout development (Müller et al., 2010). Early flowering has been shown to 
be an adaptation to natural drought (Franks, 2011) which also causes an increase in 
root:shoot ratio (Wilson, 1988).  Also, in the field, there can be different durations of drought 
followed by precipitation, which enables plant recovery (Müller et al., 2010; Husen et al., 
2014). Drought events might also coincide with high temperatures events (Angadi et al., 2000; 
Vile et al., 2012). In order to predict plant growth in the future, the effect of increasing CO2 
levels (Qaderi et al., 2006) and UVB radiation also has to be understood on different plant 
structures (Teramura et al., 1991; Larsson et al., 1998; Alexieva et al., 2001;). Although, 
extensive meta-analyses have been done on plant growth in different biomes and under 
different treatments (Schenk and Jackson, 2002; Mokany et al., 2005; Vicente-Serrano et al., 
2013), the experimental designs vary, and a consortium on drought study methods would 
enable cross validation between studies (Gilbert and Medina, 2016). It is also crucial to 
consider agricultural fields in terms of ecosystem services besides crop production and theor 
sustainability (Zhang et al., 2007). Studies using manipulative experimental designs which 
simulate climate change, enable us to plan for the challenging future of food production 
relying on the resilience of plants.  
 
 
 
 
 
 
 
 
 
 

Figure 8. Combining studies on weeds (Ziska et al., 2004), microbial organisms and endophytic fungi (Worchel et al., 2013), 
herbivory (Mattson and Haack, 1987), herbicide and insecticide usage (Waite et al., 1992), pollination (Herrero and 
Johnson, 1981), and other abiotic factors enables us to understand the interactions occurring on agricultural fields. As it 
is a both spatially and temporally complex system, changes in one interaction caused by climate change, will result in shift 
of all other interactions.  
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Final word count (without in text references): 1953 
Appendix 
 
 

  
  Controls (T0) Drought  

 n=50  Week 3 5 6 All 5 (T1) 6 (T2) All All 
Module weight  Mean 64.008 73.674 79.674 72.365 18.669 14.521 16.961 51.434 
  Std Err 0.775 1.689 1.508 1.484 0.747 0.269 0.675 4.160 
Fresh biomass Mean 0.326 3.581 4.486 2.742 0.471 0.130 0.331 1.831 
  Std Err 0.021 0.159 0.138 0.359 0.065 0.012 0.056 0.284 
Root length Mean 12.816 19.338 18.940 16.866 14.380 8.214 11.841 14.968 
  Std Err 1.116 1.720 1.123 0.925 1.120 1.109 1.087 0.790 
Leaf area with petiole  Mean 14.106 90.070 107.066 69.010 24.727 0.000 14.545 48.434 
  Std Err 1.081 4.366 2.727 8.134 2.111 0.000 3.276 6.526 
Leaf area without pet Mean 12.195 77.418 94.176 60.109 17.760 0.000 10.447 41.348 
  Std Err 0.836 4.172 2.353 7.136 1.638 0.000 2.380 5.779 
Fresh petiole weight Mean 0.735 0.762 1.133 0.885 0.143 0.016 0.090 0.585 
  Std Err 0.051 0.059 0.073 0.050 0.050 0.002 0.033 0.067 
Dry leaf weight Mean 0.021 0.231 0.355 0.200 0.108 0.098 0.104 0.164 
  Std Err 0.002 0.015 0.016 0.028 0.006 0.008 0.005 0.019 
Dry petiole weight Mean 0.003 0.198 0.119 0.100 0.060 0.015 0.041 0.078 
  Std Err 0.001 0.087 0.008 0.028 0.032 0.002 0.019 0.019 
Dry root weight Mean 0.012 0.137 5.659 2.065 0.104 0.039 0.077 1.314 
  Std Err 0.002 0.026 1.103 0.641 0.011 0.007 0.010 0.422 
Dry root:biomass Mean 0.593 0.791 16.938 6.487 1.070 0.424 0.804 4.340 
  Std Err 0.090 0.104 3.449 1.915 0.121 0.064 0.109 1.254 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Appendix 2. Correlation matrix with corrplot R package. Colour gradient indicates the level of 
correlation which reveals that the data set is highly correlated.  
 

              
           

Appendix 1. Descriptive statistic of treatments and weeks, reporting mean values and standard 
errors. 
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