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Abstract 
Plants exposed to water deficit often respond with a strong inhibition of shoot growth, while root 

growth is less inhibited or even promoted. Shoot growth inhibition is well characterized, while little is 

known about the factors mediating root growth. In this study, abscisic acid (ABA) insensitive 

transgenic poplar (Populus x canescens) was used to test whether ABA is involved in the control of 

differential root and shoot growth responses to water deficit. Transgenic abi1 and corresponding wild-

type plants were treated with 300 mM sorbitol to simulate reduced water availability. 

Plants of both genotypes responded to sorbitol with inhibition of shoot and root elongation, but wild-

type plants showed a strong promotion of root radial growth, indicating that ABA positively influences 

root growth under water deficit. 

Root tip tissue of wild-type plants treated with sorbitol inspected under the light microscope showed 

clearly more cells than the tissue of control plants, indicating that the sorbitol-induced increase in 

radial growth is a result of cell division, rather than of cell enlargement. 

To examine the role of ABA in controlling gene expression under water deficit, RNA was extracted 

from root tips, and the lateral root development zone, and was sequenced on an Illumina Hi-Seq 2000 

instrument. The sequences were mapped to the Populus trichocarpa genome and then used to 

determine differentially expressed genes. Analyses of gene ontology terms revealed that genes 

related to stress were up-regulated in all tissues, except in the root tip of wild-type plants, indicating 

that ABA plays an important role in stress avoidance under water deficit. Identification of differentially 

expressed genes revealed that gibberellins and auxin are involved in ABA regulated response to 

drought.  
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Introduction 
Due to their sessile lifestyle, plants are continuously exposed to changing environmental conditions 

that can potentially threaten survival. Water availability, which can be constrained by drought, salinity, 

or freezing, is one of the major factors limiting plant growth and development in agricultural and 

ecosystem settings (Boyer, 1982). Given its importance for agriculture and ecosystems, the effects of 

drought on plant development have been extensively studied in the past decades. This has 

significantly contributed to our understanding of physiological and molecular responses of plants to 

water limitation, particularly in the model plant Arabidopsis and in crop plants. Mechanisms for dealing 

with low water availability can be divided into two major categories: stress avoidance and stress 

tolerance (Verslues et al., 2006; Lawlor, 2013). The aim of stress avoidance mechanisms is to balance 

water uptake and water loss. Water uptake is enhanced by the accumulation of solutes to lower the 

tissue water potential and by promoting root growth. On the other hand, water loss through 

evaporation is limited by closing stomata, restricting shoot growth, and accelerating leaf senescence. 

Stress tolerance mechanisms are aimed at protecting against cellular damage when the stress 

becomes too severe and stress avoidance mechanisms are no longer sufficient. Avoidance and 

tolerance mechanisms aim to ensure survival, but also to maintain competitiveness through continued 

growth: thus, there is extensive co-regulation of growth and tolerance (Claeys and Inzé, 2013). 

Most of the studies on responses to drought stress and its regulation have been conducted in 

Arabidopsis or other model organisms. It is important to notice that species dependent features shape 

the transcriptome response to drought stress; almost none of the 27 genes reliably responsive to 

water stress in Arabidopsis were regulated under drought in poplar and pine (Bray, 2004; Fladung, 

2006). These results can be transferred to other species only with incontestable limitation, thus studies 

in other species are needed. 

Shoot growth inhibition under water deficit has been shown to be controlled by gibberillins and DELLA 

proteins (Achard et al., 2006), yet little is known about the factors mediating root growth. The 

phytohormone ABA is well known to serve as an endogenous messenger in the response of plants to 

abiotic stress, particularly to drought, cold, and salt stress (Raghavendra et al., 2010). Genetic, 

molecular, and biochemical studies, mainly conducted in the model plant Arabidopsis, have provided 

deep insights into the role of ABA in stress perception, signaling, and regulation of physiological and 

growth responses. Although much is known about the role of ABA in gene regulation, the influence of 

ABA in growth regulation is less well characterized. 

In this study, poplar (Populus x canescens) was used to test whether ABA is involved in the control of 

differential root and shoot growth responses to water deficit. 

Poplar (Populus) is a well-established model for forest trees due to its rapid growth, ease of vegetative 

propagation, and genetic transformation. The genome of Populus trichocarpa is the first forest tree 

genome fully sequenced (Tuskan et al., 2006). Recently the genome of Populus euphratica was also 

deciphered (Ma et al., 2013). The genome of these two species turned out to be relatively small, with 

485 Mbp (Populus trichocarpa) and 496Mbp (Populus euphratica), approx. 5 times larger than that of 

Arabidopsis. Moreover, the genus Populus includes a wide variety of species (about 30) from different 
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areas around the world displaying a range of different growth characteristics and tolerance toward 

various stress condition. 

This study takes advantage of an abscisic acid (ABA) insensitive transgenic poplar line ectopically 

expressing the mutant Arabidopsis abi1 gene. The abi1 line is well suited for such a study for several 

reasons. Genetic modification of ABA levels and/or sensitivity is superior to ABA treatment 

experiments. However, experiments with this line are challenging, because stomata closure regulation 

is compromised. These plants therefore required cultivation under very humid conditions to prevent 

drought stress symptoms. 

Materials and Methods 
Transgenic abi1 and corresponding wild-type (wt) plants were treated with 300 mM sorbitol (added to 

the basal medium referred in §2.1) to simulate reduced water availability and cultivated in a 

greenhouse for 27 days, when the largest plants reached the top of the culture flasks (Figure 3.1). At 

the end of the experiment, plants were carefully retrieved from the culture flasks with tweezers. 

 wt abi1 

Control 

A B 

300 mM sorbitol 

C D 

Figure 3.1. Wild-type (wt) and abi1 plants treated with and without 300 mM sorbitol. 

Pictures were taken after 27 days of treatment. 

Three experiments were carried in this study. The goal of experiment 1 was to test whether ABA is 

involved in the control of altered biomass allocation to roots and shoots under osmotic stress. 
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Experiment 2 served for microscopy (§2.3) and molecular analyses (§2.4). In experiment 3, it was 

tested whether ABA influences the emission of ethylene (§2.2.3). In each of the experiments, various 

growth parameters were assessed, which are summarized in Table 2.1. 

Results 
Visual inspection of the plants showed that under control condition, abi1 plants had longer shoots (with 

longer internodes), smaller leaves, and a smaller root system than wt plants (Figure 3.1). Under 

sorbitol, shoot and root growth was inhibited and the leaves were darker green in both genotype. 

Treatment with sorbitol resulted in a significant decrease in water potential (measured with Scholander 

pressure bomb) in both genotypes, confirming the effectiveness of the treatment (§3.1). 

Plants of both genotypes responded to sorbitol with inhibition of root elongation (§3.2), but wild-type 

plants showed a strong promotion of radial growth (diameter increased by factor 2.6, §3.4.1). On the 

contrary, shoot growth was inhibited in both genotypes, suggesting that ABA plays a minor role in 

shoot growth regulation. Promotion of radial growth resulted in increased root-to-shoot ratio only in the 

wild-type, indicating that ABA positively influences root growth under water deficit (Figure 3.5). 

Figure 3.5. Root-to-shoot ratio (without dimension) measured for wild-type (wt) and abi1 

plants under control (white) and sorbitol (grey) conditions. Values are means ± SE. 

Because growth dynamics and biomass allocation show that ABA mainly affects root growth, 

additional parameters of the root system were investigated (§3.4.2). To assess whether initiation, 

emergence, and elongation of lateral roots are also influenced by ABA, the density of lateral roots was 

used as an indicator of initiation and emergence processes, and the length of the longest lateral root 

as an indicator of the lateral roots elongation process. The density of lateral roots was comparable 

between wt and abi1 plants and increased in both genotypes in response to sorbitol, suggesting that 

the control of lateral root density is ABA-independent. The length of the longest lateral root was 

significantly larger in wt control than in abi1 control plants. No sorbitol effect was observed, supporting 

the hypothesis that ABA, similar to root elongation, is a positive regulator of lateral root elongation 

under non-stress conditions. 
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To assess whether observed growth changes are related to changes in the tissue structure, sections 

of root, leaf, and stem tissues were inspected under the light microscope (Figure 3.8). Root tip tissue 

of wild-type plants treated with sorbitol contained clearly more cells than the tissue of control plants, 

indicating that the sorbitol-induced increase in radial growth is primarily a result of cell division, rather 

than of cell enlargement. 

 Control Sorbitol 

wt 

  

abi1 

  

Figure 3.8. Pictures of longitudinal cuttings (10x) of root tips for wild-type (wt, A, B) and 
abi1 (C, D) plants. Left column shows control conditions (A, C), right sorbitol conditions 

(B, D). 

The only difference observed in the leaf blades was that in abi1 but not in wt plants, stomata were 

open under both treatment conditions, consistent with the impaired control of stomata closure in abi1 

plants (Arend et al., 2009). On the other hand, stem sections indicated several morphological 

differences. In the wt control plant, the diameter of xylem vessels seems to be larger than in the 

sorbitol treated plant, possibly indicating that ABA has an impact on the structure of the xylem. On the 

other hand, in the sorbitol treated abi1 plant, but not in the wt plant, starch granules were observed. 

Ethylene production was measured with gas chromatography to investigate the possible interaction 

between ABA and ethylene in growth control (3.6). Ethylene emission under control conditions was 

higher in abi1 plants than in wild-type plants, but there was no clear response under water deficit. 

To examine the role of ABA in controlling gene expression under water deficit RNA was extracted from 

root tips (first 0.5 cm of the primary root), and the lateral root development zone (approx. 1-2 cm of the 

primary root), and was sequenced on an Illumina Hi-Seq 2000 instrument. The sequences were 

mapped to the Populus trichocarpa genome and then used to determine differentially expressed 

genes between the two genotypes. Clustering of normalized genes revealed a clear hierarchical 

structure of the samples (Figure 3.13). The two tissues analyzed formed two clusters, followed by four 

clusters representing each tissue and treatment combination. This striking result confirms the 

importance of a tissue specific sampling and tissue specific analysis of gene expression. 

100 μm 

100 μm 

100 μm 

100 μm 

A B 

C D 
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Figure 3.13. Heatmap and clustering of total number of genes, gene-wise normalized for 

the 24 samples analyzed. 
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To uncover global differences in gene expression in the two genotypes, GO enrichment analyses were 

carried with up- and down-regulated genes (§3.7.4). A graphical overview of the top 10 enriched GO 

terms for each genotype and tissue is presented in 3.14. The complete list of enriched GO terms is 

given in Appendix. The lateral root development zone of abi1 plants was the tissue with the highest 

number of enriched categories, suggesting important physiological changes caused by water deficit in 

this tissue. Not surprisingly, in the group of up-regulated genes, genes related to gene expression, 

translation, and metabolic processes are enriched in both genotypes and tissues. Genes involved in 

ribosome biogenesis and rRNA processing, on the other hand, are only enriched in root tips of wt 

plants, probably reflecting a strong growth activity in this tissue. Conversely, genes associated with 

stress responses were enriched under all conditions, except in root tips of wt plants. In root tip of wt 

plants stress genes were down-regulated, suggesting that the root tips of wt plants experiences little 

stress under water deficit. 

Figure 3.14 Heat map of the top 10 enriched GO biological process terms of up- and 

down-regulated genes in root tips and lateral root development zone (root-dev) of wild-

type (wt) and abi1 plants. 

To further characterize gene expression changes, genes differentially expressed in only one of the two 

genotypes were analyzed. To identify such genes, Venn diagrams were generated (§3.7.5). In both 

tissues, the number of up-regulated genes was generally higher than that of the down-regulated 
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genes. The number of differentially expressed genes was much higher in abi1 than in wild-type plants, 

in particular a very high number of genes (2554) was up-regulated in the lateral root development 

zone. This result further supports the suggestion that the root tip and the lateral root development 

zone respond to water deficit in very different ways. 

Selected genes differentially expressed in root tips and in the lateral root development zone are given 

in Table 6.2 and Table 6.3 of the Appendix. To better understand ABA-regulated responses, genes 

related to ABA-dependent and ABA-independent pathways are reported. There are then genes 

involved in the orchestrated hormonal regulation, to investigate the cross-talk between ABA and other 

hormones. Identification of these differentially expressed hormonal related genes indicates a possible 

role of ABA in regulating DELLA proteins level. Moreover, regulation of auxin level in response to 

stress suggests the presence of compensation mechanisms to deal with water deficit in an ABA-

independent way. Finishing, the genes involved in stress response include ROS detoxification and 

stress genes, cell wall genes and starch accumulation related genes. In root tips, stress related genes 

are repressed in wt plants, but induced in abi1 plants, suggesting a correlation between stress 

avoidance and ensured growth. The identified cell wall genes confirm the strong difference in stress 

level experienced by root tip and lateral root development zone. Genes involved in starch 

accumulation indicate that ABA influences the regulation of sugar and starch levels.  

Discussion 
This study was designed to examine the role of ABA in regulating shoot and root growth of poplar 

exposed to water deficit. Based on the results presented, the following major conclusions can be 

drawn: 

(i) Poplar responds to water deficit with a strong inhibition of shoot growth, while root growth is 

maintained through radial growth, resulting in an increased root-to-shoot ratio in biomass. 

(ii) Water deficit-induced promotion of root growth is ABA dependent, while ABA plays a minor role (if 

at all) in shoot growth inhibition. 

(iii) ABA-regulated radial root growth promotion under water deficit involves several other plant 

hormones, including auxin, ethylene, gibberellic acid, as well as components of the DELLA 

protein pathway. 

(iv) As a result of ABA action, roots experience little stress, particularly the root tip. 

(v) Hence, ABA is suggested to be a key component of the regulatory network mediating water 

stress avoidance in root of poplar. 

The present study opens the possibility to further characterize the drought stress response in poplar, 

and to give more insights in ABA-induced morphological changes and gene expression. 

In particular, to draw a model of molecular mechanisms poplar plants with additional mutant genes 

(including knock out mutants) will be necessary. For example abi1 mutants combined with DELLA 

protein mutants, and/or ethylene. 
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Moreover, given the striking result of down-regulation of stress genes in root tips, with further studies it 

would be possible to determine if this response is only related to water stress or also to other abiotic 

stresses. 

A further microscopic analysis is needed to characterize the physiological processes occurring in roots 

under water stress conditions. In particular, observation of the xylem size of primary root could give 

insights in the physiological mechanisms of water stress avoidance and tolerance in poplar roots. In 

fact, a bigger xylem size could be related with a more efficient water uptake. 

With further microscopic analysis of stem sections it would be possible to evaluate the effect of ABA 

on reduced xylem vessels size in sorbitol treated plants: this response could increase conservative 

water use and reduce risk of cavitation limiting hydraulic conductivity (Comas et al., 2013). 

Moreover, microscopic observation of lateral roots primordia could separately assess the consecutive 

development mechanisms of lateral roots to characterize the adaptation of the root system to drought 

stress. Density of lateral roots in fact depends on two different biological processes, initiation and 

emergence of lateral roots, which are highly susceptible to distinct genetic and environmental factors  

(Dubrovsky and Forde, 2012). 

It would be interesting to further investigate also some results inferred by GO enrichment analysis: in 

abi1 the processes related with the movement of cellular component are up-regulated in the lateral 

root development zone, but down-regulated in the root tip. Recent studies in roots of Zea mays tested 

the possible role of microtubules in the induction of ABA biosynthesis (Lu et al., 2007). It is suggested 

that changes in microtubule dynamics would trigger maize root cells to biosynthesize ABA, and 

interactions between osmotic stress and microtubule dynamics would have an effect on ABA 

accumulation in root cells, although the exact mechanism is not clear yet (Lu et al., 2007). Apoptotic 

processes are down-regulated in abi1. Contrastingly, other studies in maize reproductive and leaf 

meristem tissue showed that drought caused activation of programmed cell (Kakumanu et al., 2012). 
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