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Supplementary Fig. 2). WIWAM enabled 
the daily imaging and controlled watering 
of 216 plants. Plants were germinated and 
grown under control conditions until stage 
1.04 (ref. 7), after which watering continued 
for the control plants, but was stopped for 
the stressed plants until the set stress level 
was reached and subsequently kept constant 
(Supplementary Figs. 3 and 4). In wild-type 
plants, progressive soil drying resulted in 
a gradual decrease of growth rates, with a 
final reduction of the rosette area of 30–40% 
as a consequence (Fig. 1c, Table 1 and 
Supplementary Fig. 4).

To assess the performance of the STG 
lines in terms of genotype differences 
and genotype-specific responses to the 
drought stress, we analyzed genotype, 
environment, time effects and their 
interactions with a linear mixed model 
(Table 1, Supplementary Figs. 5 and 6, 
Supplementary Methods). Significant 
(P < 0.01) genotype differences were 

other related ones, including salt, heat 
and oxidative stresses, were considered as 
well. The final selection consisted of 25 
genes, which we designate ‘stress tolerance 
genes’ (STGs), involved in diverse aspects 
of stress tolerance and in a wild-type 
Columbia-0 (Col-0) background (Table 1, 
Supplementary Table 1).

We added two additional lines (MYB90 
and tAPX) that had previously not been 
analyzed to 15 of the 25 STG lines that had 
already been demonstrated to survive better 
upon severe drought (Table 1, Fig. 1a  
and Supplementary Fig. 1). To quantify 
growth of the STG lines, we developed an 
assay mimicking relatively mild drought 
stress conditions in which the rosette size 
of plants grown in soil was followed over 
time (Supplementary Methods). To ensure 
test reproducibility, we also used a large 
number of plants in an automated platform, 
designated the ‘weighing imaging and 
watering machine’ (WIWAM; Fig. 1b and 

To the Editor:
Although drought tolerance is a central 
concern of plant research, the translatability 
for crop improvement is relatively low. Here 
we report on a major contributing factor 
to this lack of success. Drought tolerance is 
predominately scored based on an improved 
survival rate under lethal conditions that, as 
demonstrated by our study, does not predict 
superior growth performance and, thus, 
biomass yield gain, under moderate drought 
often encountered in the field.

Drought tolerance is a major subject 
of trait research for agbiotech companies 
and thousands of academic papers have 
been published on the topic. Consequently, 
there is a plethora of reports on improved 
drought tolerance, mainly in the model 
plant Arabidopsis thaliana1. Classic 
genetic engineering approaches involve 
target genes that function in mechanisms 
used by plants to avoid and/or tolerate 
drought, such as stomatal conductance 
or osmolyte production2. Such genes, 
frequently identified through expression 
profiling, include signaling components 
and downstream effector genes. However, 
despite the apparent success of stress 
research on model plants, rarely are the 
findings applied to improve crops. Only 
a few genes have been characterized that 
enhance stress tolerance in model plants or 
crops leading to increased yields3–6 and the 
molecular mechanisms through which they 
work remain only partly understood. One 
of the key reasons relates to the genetic and 
physiological differences between model 
and crop species.

In Arabidopsis research, drought tolerance 
is assessed predominantly under quite 
severe conditions in which plant survival 
is scored after a prolonged period of soil 
drying. However, in temperate climates, 
limited water availability rarely causes plant 
death, but restricts biomass and seed yield. 
To study the relation between survival and 
biomass gain under drought, we analyzed 
the growth of transgenic Arabidopsis 
plants with increased tolerance to lethal 
stress in a mild stress assay. An extensive 
literature screen was conducted to identify 
Arabidopsis genes that, in gain- or loss-of-
function situations, confer stress tolerance 
in Arabidopsis, without growth penalty 
under control conditions. Although drought 
and osmotic stresses were prioritized, 

Survival and growth of Arabidopsis plants given 
limited water are not equal
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Figure 1  Growth reduction caused by stress is independent of rosette size under control conditions. (a,b) 
Tolerance to severe stress was scored in the survival assay (a), whereas growth under mild drought was 
assessed with WIWAM in a drought stress regime (b) that reduced final rosette area by 30–40%. (c) The 
top panel shows a wild-type plant grown under control conditions. The bottom panel shows a plant grown 
under drought conditions. (d,e) end-time-point area measurements were used to calculate differences 
between STG and wild-type (WT) plants under control (area c) (1 – (area c STG/area c WT)) × 100 and 
drought (area D) conditions (1 – (area D STG/area D WT)) × 100, as well as the difference in drought-
related growth inhibition (relative growth performance) ((1 – (area D WT/area c WT)) – (1 – (area D STG/
area c STG))) × 100. Asterisk marks significance (P < 0.01).
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size measured under control conditions 
(Fig. 1d,e). Importantly, lines that were 
larger in the control environment kept their 
growth advantage under stress conditions, 
demonstrating that plants have enough 
resources to sustain both stress tolerance 
and improved growth. This observation 
is in line with the favorable carbon status 
measured in Arabidopsis leaves under both 
mild osmotic and drought stresses10,11 and 
consistent with the hypothesis that plants 
reduce their growth as a primary adaptation 
response to stress rather than as a secondary 
consequence of resource limitation. Under 
unpredictable environments, growth 
reduction enables plants to redistribute and 
save resources, ensuring reproduction even 
when the stress becomes extreme. However, 
from the agricultural point of view, when 

is not a good indicator for improved 
growth performance under mild drought 
conditions. Superior survival under severe 
drought is often associated with constitutive 
activation of water-saving mechanisms, 
such as stomatal closure, that can, on the 
contrary, lead to growth penalty8. Here, 
a number of STG lines showed a growth 
reduction, albeit a subtle one (Table 1). 
Nevertheless, it is worth mentioning that the 
observed growth reduction could possibly 
be bypassed by the use of conditional or 
tissue-specific promoters8,9. Generally, 
plant size and survival, at least under 
laboratory conditions, are assumed to be 
negatively correlated, because small plants 
transpire and use less water. In contrast, 
in our study, growth reduction caused by 
mild drought was independent of the STG 

measured for nine lines and in seven cases 
the difference was significant in both the 
control and stress environments. The two 
lines that were significantly larger under 
control conditions, CBL1 and AVP1, 
were also larger during drought, and the 
reverse held true for the smaller lines 
GOLS2, CPK4, ELO2, NCED3, NHX1, 
tAPX and RCl3. However, none of the 
genotypes tested showed a significant 
specific response to the drought stress 
imposed either combined or across all the 
time points (genotype*environment or 
genotype*environment*time interaction; 
data not shown). In other words, growth 
reduction caused by drought was 
comparable for all genotypes tested.

Overall, our data clearly show that 
enhanced survival under severe drought 

Table 1  STG lines tested show no significant genotype-specific responses to the imposed drought stress, either combined or across 
all the time points.

Gene identifier Gene symbol Experiment Line
Biological  
function Survival

P-value (genotype 
control conditions)

P-value (genotype 
drought conditions)

Mean percent 
reduction ± 
s.e.m.a

At1g01720 ATAF1 1 Loss of function Transcription Improved 0.336 0.012 42.35 ± 1.83

At3g06010 cHR12 1 Loss of function Transcription Unchanged 0.119 0.724 36.15 ± 2.35

At1g30270 cIpK23 1 Loss of function ca+ signaling Improved 0.210 0.121 42.07 ± 1.87

At1g73660 MApKKK 1 Loss of function Signaling Unchanged 0.191 0.118 40.48 ± 3.70

At5g21100 aAAO 1 Loss of function Reactive oxygen  
species metabolism

Unchanged 0.836 0.240 42.35 ± 1.83

At5g45340 cYp707A3 1 Loss of function Hormone metabolism Improved 0.154 0.657 40.54 ± 2.08

– – 1 Wild type – – – – 42.45 ± 2.19

At1g05260 RcI3 2 Gain of function cell wall Improved 0.004b 0.027 26.22 ± 6.46

At3g14440 NceD3 2 Gain of function Hormone metabolism Improved <0.001b <0.001b 35.98 ± 6.26

At1g78290 SRK2c 2 Gain of function Signaling Improved 0.043 0.196 39.38 ± 1.67

At1g74310 HSp101 2 Gain of function protein stability Unchanged 0.109 0.102 43.75 ± 6.00

At5g27150 NHX1 2 Gain of function Transport Unchanged 0.002b 0.209 33.80 ± 2.48

At1g66390 MYB90 2 Gain of function Transcription Improved 0.100 0.120 35.83 ± 2.49

At1g77490 tApX 2 Gain of function Reactive oxygen species 
metabolism

Improved 0.007b 0.001b 34.58 ± 2.58

– – 2 Wild type – – – – 32.70 ± 3.93

At2g38880 NF-YB 3 Gain of function Transcription Improved 0.810 0.858 23.37 ± 1.95

At4g17610 cBL1 3 Gain of function ca+ signaling Improved 0.001c <0.001c 27.85 ± 1.69

– col 3 Wild type – – – – 29.98 ± 2.70

At5g13680 eLO2 4 Loss of function Transcription Improved <0.001b 0.007b 35.72 ± 3.64

At3g24500 MBF1c 4 Gain of function Transcription Unchanged 0.772 0.290 45.47 ± 2.94

At1g08810 MYB60 4 Loss of function Transcription Improved 0.367 0.362 40.03 ± 3.26

At3g15500 ANAc055 4 Gain of function Transcription Improved 0.043 0.264 47.75 ± 4.58

At4g09570 cpK4 4 Gain of function ca+ signaling Improved <0.001b <0.001b 47.29 ± 3.71

At1g56600 GOLS2 4 Gain of function Osmoprotection Improved <0.001b <0.001b 32.74 ± 2.32

– – 4 Wild type – – – – 30.85 ± 5.52

At1g31970 STRS1 5 Loss of function Transcript stability Unchanged 0.012 0.026 42.74 ± 5.01

At5g08620 STRS2 5 Loss of function Transcript stability Unchanged 0.367 0.316 37.97 ± 3.31

– – 5 Wild type – – – – 33.39 ± 1.32

At1g15690 AVp1 6 Gain of function Transport Improved <0.001c <0.001c 33.01 ± 1.55

At1g05680 UGT 6 Gain of function Hormone metabolism Improved 0.672 0.466 49.91 ± 2.51

– – 6 Wild type – – – – 36.89 ± 4.05
aMean ± s.e.m. percent reduction of rosette size by drought measured 10 days into the treatment. bSignificant (P < 0.01) decrease of rosette area of the STG compared with the wild type 
under control or drought condition. cSignificant (P < 0.01) increase of rosette area of the STG compared with the wild type under control or drought conditions.
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the stress episode does not threaten 
plant survival, growth reduction can be 
counterproductive, leading to unnecessary 
yield loss. 

Thus, limiting growth reduction might 
provide a strategy to boost plant biomass 
productivity under stress. Biomass 
yield is of rising importance with the 
increasing demand for energy crops but has 
furthermore been shown to be relevant as 
one component determining seed yield12. 
Certainly, a better understanding of the 
mechanisms that regulate growth under 
stress conditions, such as those involved 
in shutting down meristem activity, will be 
vital in the development of new technologies 
to increase plant growth under stress13. 
Although stress responses of mature organs 
are relatively well characterized and it is now 
clear that stress responses are specific to the 
developmental stage, tissue and even the 
cell type11,14, the mechanisms that reduced 
growth under stress are poorly understood. 
From the technological perspective, 
automated growth phenotyping under 
variable environmental conditions with 
platforms, such as WIWAM, or Phenopsis15 
will be essential. Finally, it is important to 
mention that whereas rosette area can be 
reliably used to assess biomass, it remains, 
however, a proxy for seed yield and thus 
analogous automated platforms focused on 
seed phenotypes will have to be developed.

In summary, the results imply that 
indiscriminate selection for lines that 
survive better under severe stress might 
be a critical factor responsible for the low 
success rate by which academic research 
on drought stress translates to the field. 
As enhanced survival is largely a function 
of water-saving mechanisms rather than 
a net improvement in plant production, it 
will still be a trait of choice in arid regions, 
but will most probably not enhance plant 
yield in moderate climates. In our opinion, 
such mild, in contrast to severe, conditions 
will favor bolder plants maintaining more 
growth, photosynthesis and metabolism 
despite a water shortage, opening a new 
exciting paradigm for trait identification.

Note: Supplementary information is available on the 
Nature Biotechnology website.
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