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Abstract: Backcross hybrids between the important forage legume white clover (7rifolium
repens L.), which is stoloniferous, and the related rhizomatous species Caucasian clover
(T. ambiguum M. Bieb), have been produced using white clover as the recurrent parent.
The effect of drought on the parental species and two generations of backcrosses were
studied in a short-term glasshouse experiment under three intensities of drought. Plants of
Caucasian clover maintained a higher leaf relative water content and leaf water potential
than white clover at comparable levels of drought, with the response of the backcrosses
generally intermediate between the parents. Severe drought significantly reduced stolon
growth rate and leaf development rate of white clover compared to the control,
well-watered treatment, whilst differences between these two treatments in the backcross
hybrids were relatively small. The differences between parental species and the
backcrosses in root morphology were studied in Im long vertical pipes. The parental
species differed in root weight distribution, with root weight of Caucasian clover
significantly greater than white clover in the 0.1 m to 0.5 m root zone. The backcrosses
exhibited root characteristics intermediate between the parents. The extent to which these
differences influence the capacity to tolerate drought is discussed.
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1. Introduction

Changing climatic conditions mean that the growing demand for meat and milk based products
must be met against a backdrop of rising global temperatures and changing patterns of
precipitation [1]. Extreme weather events, including periods of drought, will increasingly become a
major factor limiting crop productivity in many parts of the world, including the UK [2]. Adaptation of
agriculture to predicted climate change scenarios is essential, with the development of improved plant
varieties better able to tolerate periods of drought [1] increasingly a key objective of many plant
breeding programmes [3]. Selection criteria that will lead to new improved varieties of wheat [4,5] and
grain legumes [6,7] better able to cope with drought are being developed. Grassland systems face
similar challenges from climate change, therefore the development of new varieties of forage grasses
and legumes better able to tolerate periods of drought is crucial.

The most important forage legume component of temperate pastures is white clover (7rifolium
repens L.) [8], a nitrogen fixing species that produces forage of high quality. It is an outbreeding,
highly heterozygous allotetraploid (2n = 4x = 32) species and the wide genetic variation within its gene
pool has been used successfully in the production of new varieties with improvements in many traits.
Less variation has been identified for traits such as drought tolerance, which have proved difficult to
improve significantly by conventional selection methods [9]. Although some authors [10] showed
differences between ten white clover cultivars with respect to their response to drought, others [11]
found little variation in response to a drought stress gradient between six lines (three cultivars and
three germplasm accessions). Selection for deeper, more extensive root systems has been
recommended for better tolerance to intermittent drought [12]. Selection for thicker roots as an indirect
selection criterion has, however, been unsuccessful [13], although selection for increased root weight
ratio (proportion of total plant DM allocated to roots) was found to improve the growth and survival of
white clover in drought prone environments [14].

Introgression of genes from closely related species has been used successfully to introduce desirable
traits into white clover [15—18] including improved drought tolerance [19]. Caucasian or Kura Clover
(Trifolium ambiguum M. Bieb) is a strongly rhizomatous perennial legume species with good drought
tolerance and persistence [20]. It is considered to have a wider range of adaptation than white
clover [21], although slow seedling establishment tends to reduce its competitiveness with grasses in
mixtures [22]. The extensive root and rhizome system is thought to act as a nutrient store that can be
remobilised and used for growth, thus allowing this species to persist under stressful conditions [23].
Hybrids have been developed between white clover and Caucasian clover with the objective of
introgressing the rhizomatous trait from Caucasian clover into white clover [16] as a strategy for
improving drought tolerance whilst retaining the desirable agronomic traits associated with the latter
species. Fertile backcrosss (BC) hybrids (derived from backcrossing to white clover) have been
produced and these are essentially like white clover, but with rhizomes as well as stolons. A drought
experiment comparing the BC1 and BC2 hybrids with the white clover and Caucasian clover parents in
deep soil bins [16] showed that the backcross hybrids maintained lower values of leaf relative water
content (RWC) and leaf water potential than Caucasian clover, but higher levels than white clover at
comparable levels of drought. The mechanism by which Caucasian clover maintains a higher leaf
RWC is not known, nor is the extent to which this mechanism operates within the hybrids. However,



Agriculture 2018, 5 355

previous studies have shown that the hybrids allocate a higher proportion of their total DM yield to
roots than white clover i.e., they maintain a higher root to shoot ratio [16]. Previous studies on white
clover have shown that stolon growth and leaf development rate (LDR) are reduced by
drought [24,25], but little is known about the effect of drought on these growth parameters in the
backcross hybrids.

This study had the following objectives: firstly, to quantify the response of the backcross hybrids to
drought; and secondly, to identify the extent to which ability to withstand drought may be related to
differences in root depth distribution.

2. Materials and Methods
2.1. Experiment 1
2.1.1. Plant Material and Experimental Treatments

The T. ambiguum (Caucasian clover) accession Ah1254, collected in Turkey in 1971, and the
T. repens (white clover) medium-leaved variety Menna were used in the hybridization programme.
Fertile F1 plants were used as the basis for two generations of backcrossing to white clover as the
recurrent parent. Details of the development of these backcrosses including methods of embryo rescue
used in the development of the original hybrids and their morphological characterisation have been
described previously [8,16]. Four genotypes within each of the white clover, Caucasian clover, BC1
and BC2 populations, selected based on their use in the development of the backcross populations,
were cloned to provide six-plants of each genotype so that there were two clonal plants of each
genotype available for each of three drought regimes. The genotypes of the BC1 and BC2 were
selected on the basis of the presence of rhizomes and had been used in previous studies on forage yield
and quality [16]. Clonal plants were obtained by removing a growing point with three nodes and
planting in multi-compartment trays containing John Innes No. 3 compost. When they had produced at
least three trifoliate leaves they were transplanted into 25 cm diameter X 27 cm deep pots filled with
John Innes No. 3 compost. No rhizobia were added to the soil however nodules were observed on
plant roots.

2.1.2. Drought Tolerance

There were three treatments: control (C) plants maintained at field capacity; moderate drought (M)
plants maintained at 80% field capacity; severe drought (S) plants maintained at 65% field capacity.
Field capacity was defined as the volume of water required for the soil within the pot to be saturated
and was determined daily on the control plants. The M and S plants received 80% and 65%
respectively of the quantity of water required by the C plants to maintain them at field capacity. This
was repeated daily throughout the course of the experiment.

The experiment began when the plants were 3 months old, when they were cut to a height of 3cm
above ground level. At 21 and 35 days after the start of the experiment, pre-dawn leaf water potential
was measured. Two leaflets were sampled per plant and leaf water potential measured using a pressure
bomb (Portable plant moisture system SKPM 1400/40; Skye Instruments Ltd. Llandrindod Wells, UK)
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using the method described previously [25]. After 21 and 35 days, leaf relative water content (RWC)
was determined on three leaves per plant as described [16] using the formula

RWC = ((FW —DW)/(RW — DW)) x 100
where FW = fresh weight, RW = rehydrated weight and DW = dry weight.

2.1.3. Plant Growth

Non-destructive measurements of stolon length and leaf development rate (LDR) were carried out
on one rando mLy selected stolon per plant. At the beginning of the experiment the selected stolon was
marked with an acrylic paint dot behind the youngest fully expanded leaf. After 7, 14, 21 and 28 days,
stolon length from the tip of the growing point to the paint mark was measured and leaf development
recorded using the criteria established by Carlson [26]: all leaves produced after the paint mark were
given a score using the Carlson visual scale for leaf development, where 1.0 indicates a fully expanded
leaf and 0.1 indicates a leaf just visible as it emerges. The sum of these scores was calculated for the
measured stolon. The absence of stolons in Caucasian clover and the difficulty of measuring LDR in
this species meant that this part of the experiment only compared white clover with the BC1 and BC2
hybrids. Thirty five days after the start of the experiment all plants were cut to a height of 3 cm above
soil level. The leaf area of three leaves per plant was measured using a Delta-T-Devices leaf area meter
and the dry weight of above ground material determined by drying for 12 h at 80 °C in a forced
draught oven.

2.2. Experiment 2
Root Depth Distribution

Four clonal plants of each of the four genotypes of the populations used in Experiment 1 were
obtained as described previously and planted into multi-compartment trays containing John Innes
No. 3 compost. When they had produced three trifioliate leaves, they were transplanted into
1 m deep x 15 cm diameter plastic pipes with several drainage holes drilled in the base, into which was
inserted a polythene tube filled with vermiculite. The pipes were placed vertically on a gravel bed in
a glasshouse maintained at ambient temperature. The plants received 100 mL water daily and once
a week received an additional 50 mL of a standard full-nutrient solution [27]. After ten weeks the
polythene tube was removed from the pipe and the above ground foliage cut to ground level with hand
held shears. The root column was removed and separated into 10 cm deep horizontal sections. The
roots within each section were removed by washing under running water. The dry weight of the above
ground biomass and root biomass within each section were determined after drying at 80 °C for 24 h in
a forced draught oven.

2.3. Data Analysis

Experiment 1 was established as a split-plot design with two replicate blocks, comprising drought
treatments as whole plots and genotypes as sub-plots. Growth parameters (leaf water potential, leaf
relative water content, leaf development rate, stolon growth rate, dry matter yield and leaf size) were
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analysed by analysis of variance (ANOVA) using GenStat® (VSN International, Hemel Hempstead,
UK) Release 13 [28] to determine significant effects of population, genotype within population and
drought, and their interactions. Experiment 2 was established as a split-plot design with four replicate
blocks, comprising populations as whole plots and genotypes as sub-plots. Root dry weight at each
depth was analysed separately by ANOVA as above to determine significant effects of population and
genotype within population.

3. Results
3.1. Experiment 1
3.1.1. Overall analysis

For most of the growth parameters measured there were significant effects of population and
drought, and significant population x drought interactions, but no significant differences between
genotypes within populations (Table 1). Consequently for all growth parameters only the
population x drought means are presented.

Table 1. Significance levels for effect of drought, population and their interaction on plant
growth parameters.

LwWP Leaf RWC

Treatment SGR  LDR DM Yield LeafA
reatment ) 1Day 35Day 21Day 35 Day e cat Area
Population (P) NS skskk sksksk sksksk sksksk skskk sksksk skskk

NS, not significant; * p < 0.05; ** p <0.01; *** p <0.001; Key to abbreviations: LWP—Ieaf water potential,
Leaf RWC—Ieaf relative water content, SGR—stolon growth rate, LDR—Ieaf development rate,
DM yield—dry matter yield.

3.1.2. Plant Water Status

Results for the effects of the drought treatments and population on leaf water potential (LWP) are
presented in Table 2. Twenty one days after the start of the experiment overall values of LWP were not
affected by drought treatment, nor was there a difference between populations. However, there was a
significant drought treatment x population interaction, such that LWP in white clover decreased more
under the S drought treatment compared with LWP in Caucasian clover and the backcross hybrids.
Thirty five days after the start of the experiment, drought treatment had a significant effect on overall
values of LWP, which were greatly reduced under treatment S, followed by treatment M, and both
were less than under the well-watered control treatment C. There was also a significant difference
between populations and a significant drought x population interaction. As a result, LWP in white
clover was significantly lower than in the other populations, and the magnitude of this reduction was
greatest under the most severe drought treatment. Leaf RWC was significantly influenced by drought,
population and there was a significant drought % population interaction when measured 21 and 35 days
after the start of the experiment (Table 3). After 21 days, leaf RWC was lower under S than under M
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and C and in Caucasian clover was greater than that of white clover and the BC1 and BC2 hybrids.
Leaf RWC of Caucasian clover was unaffected by moisture stress however in white clover and the
BC1 and BC2 hybrids the leaf RWC was significantly lower under S than M and C. A similar result
was observed after 35 days with the leaf RWC of Caucasian clover unaffected by moisture stress but
the leaf RWC of white clover and the BC1 and BC2 hybrids significantly reduced under S in
comparison with M and C.

Table 2. Leaf water potential (MPa) of Caucasian clover, white clover, BC1 and BC2
hybrids after 21 and 35 days at three levels of drought. C—control treatment,
M-—moderate moisture stress, S—severe moisture stress.

Days after Start of Drought

Population 21 35
C M S C M S
Caucasian Clover —-047 —0.58 -0.76 -0.50 -0.73 -0.76
White Clover -0.27 —-0.51 -1.35 -0.39 —0.85 —2.00
BCl1 -0.32 —0.57 -0.80 —0.30 —0.69 -1.69
BC2 -026 —041 -094 -0.32 -0.62 -1.49
S.e.d.
Drought (D) 0.270 NS 0.037 ***
Population (P) 0.072 NS 0.059 ***
D xP 0.291 *** (0.124 ***) 0.092 *** (0.097 ***)

NS not significant; *** p < 0.001; S.e.d in brackets to be used when comparing means with same level
of drought.

Table 3. Leaf relative water content (%) of Caucasian clover, white clover, BC1 and BC2
hybrids after 21 and 35 days at three levels of drought. C—control treatment,
M—moderate moisture stress, S—severe moisture stress.

Days after Start of Drought
Population 21 35
C M S C M S
Caucasian Clover  93.1 943 93.1 92.2 92.9 92.0
White Clover 91.2 90.9 69.3 91.6 92.9 71.3

BCl1 94.1 93.2 76.5 92.7 92.5 76.4
BC2 93.1 93.1 69.9 92.3 93.1 68.4
S.e.d.
Drought (D) 1.23 ** 1.96 *
Population (P) 1.61 *** 1.63 ***
DxP 2.772 #xE (2,779 H*E) 3.13 **% (2,82 **%)
S.e.d. in brackets to be used when comparing means with same level of drought. * p < 0.05; ** p < 0.01;

*** p <0.001.
3.1.3. Plant Growth

Stolon growth rate (SGR) and leaf development rate (LDR) were influenced by drought and
population but there was no significant interaction (Table 4). Drought reduced SGR, and generally the



Agriculture 2018, 5 359

SGR of white clover was significantly higher than the BC2 and both were higher than in the BCI.
The LDR of white clover was significantly greater than the backcross hybrids which were not
significantly different from each other. Drought treatment reduced LDR but only under S; under M and
C it did not differ significantly. Leaf area was significantly influenced by drought, differed between
populations and there was a significant drought x population interaction. Generally leaf area was
reduced by drought and the leaf area of white clover was greater than the BC1 and BC2 hybrids with
the leaf area of Caucasian clover smallest. Leaf area of white clover and Caucasian clover was reduced
by the M treatment and the leaf area of white clover further significantly reduced under the S
treatment, unlike Caucasian clover which showed no further reduction in leaf area. The BC1 and BC2
hybrids exhibited a similar response to the S treatment as white clover.

Table 4. Stolon growth rate (mm/7 days), leaf development rate (quantified using Carlson
Scale) and leaf area (mm?) of Caucasian clover, white clover, BC1 and BC2 hybrids after
35 days at three levels of drought. C——control treatment, M—moderate moisture stress,
S—severe moisture stress.

. Stolon Growth Rate Leaf Development Rate Leaf Area (mm?)
Population
C M S C M S C M S
Caucasian Clover - - - - - - 3582  303.0 184.9
White Clover 3.8 4.0 1.1 9.9 10.0 5.6 2804 2419 178.6
BCl1 2.1 1.6 0.4 6.1 7.0 4.8 309.8 2654  257.0
BC2 3.1 2.3 0.6 6.4 7.0 4.3 3222 2483  220.8
Drought (D) 0.39 * 0.38 * 10.90 *
Population (P) 0.32 *** 0.43 *** 10.19 ***
DxP 0.65 NS (0.55 NS) 0.73 NS (0.75 NS) 18.77 *** (17.64 **¥*)

NS, not significant; * p < 0.05; *** p < 0.001; S.e.d. in brackets to be used when comparing means with

same level of drought.

Overall DM yield per plant was greater under C than in M and both greater than under the S
treatment (Table 5). DM yield of white clover was significantly greater than the BC1 and BC2 hybrids
and all had DM yields significantly greater than Caucasian clover reflecting the slow establishment of
this species. There was also a significant drought % population interaction as drought had no significant
effect on the DM yield of Caucasian clover but the DM yield of white clover and the BC1 and BC2
hybrids was significantly reduced by drought stress but white clover was reduced by a greater amount
than the hybrids.

3.2. Experiment 2

There was a significant difference between populations in root dry weight to depths of 0.5 m and
significant differences between genotypes within populations (Table 6). However, at depths below
0.5 m differences between populations were small and insignificant and are not shown. Root dry
weight of white clover and Caucasian clover in the 0 to 0.1 m root zone was comparable (Figure 1).
However, in subsequent zones, up to a depth of 0.5 m, the root dry weight of Caucasian clover was
significantly greater than that of white clover (Figure 1). Apart from the 0 to 0.1 m root zone where the
BC2 had the greatest root dry weight, the root dry weight of the BC1 and BC2 hybrids were not
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significantly different and were generally intermediate between the two parental species. Differences
in root dry weight between genotypes of white clover, BC1 and BC2 hybrids were observed at depths
of 0.1-0.4 m but no significant differences between genotypes of Caucasian clover were observed.

Table 5. Dry matter yield (g/plant) of Caucasian clover, white clover, BC1 and BC2
hybrids after 35 days at three levels of drought. C——control treatment, M—moderate
moisture stress, S-severe moisture stress.

Moisture Level

Population

C M S

Caucasian Clover 33 2.1 1.5

White Clover 30.8 20.2 4.4

BCl1 22.7 17.7 4.9

BC2 26.9 16.1 4.4
Drought (D) 0.98 **
Population (P) 0.75 ***

PxS 1.49 *** (1,30 ***)

** p <0.01; *** p<0.001; S.e.d. in brackets to be used when comparing means with same level of drought.

Table 6. Significance levels for effect of population and genotype within population on
root dry weight at different depths.

Significance Root Depth (m)
0.1 0.2 0.3 0.4 0.5
Population k ksk skskk skskok skskosk
Genotypes within Population A ok ok Hok NS

NS, not significant; * p <0.05; ** p <0.01; *** p <0.001.

Root dry weight (g)
0 5 10 15 20 25 30 35 40
*
) . s.e.d. 4.57
B sed 041 *+
0.2 . mT. repens
T T. ambiguum
£ M o026 BC1
8 3 _ .e.d.0.
3 % mBC2
©
&
|
0.4 a s.e.d.0.21 ***
|

0.5 i s.e.d. 0.18 ***

Figure 1. Root dry weight in 0.1 m sections of soil columns containing Caucasian clover,
white clover, BC1 and BC2 hybrids. NS, not significant; * p < 0.05; ** p < 0.01;
**% p <0.001.
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4. Discussion
4.1. Plant Water Status in Response to Drought

It has been predicted that climate change will affect the distribution patterns of rainfall [29] and that
this may have a negative impact on grassland productivity [30]. Development of forage varieties with a
greater ability to tolerate drought is therefore an increasingly important target for forage plant breeding
programmes [31]. Temperate pasture species such as white clover, whose agronomic yield consists of
foliage, are considered to be more susceptible to drought stress than cereals or grain legumes [32]. One
strategy to improve the drought tolerance of white clover is the development of interspecific hybrids
between white clover and the drought tolerant, rhizomatous species Caucasian clover. Although the
value of Caucasian clover as a drought tolerant species has been recognised in many Mediterranean
areas, it has not been fully exploited due to its slow establishment [33].

Interspecific hybrids have been developed to introgress the rhizomatous trait into white clover
without compromising the DM yield and forage quality of white clover [34,35]. Confirmation that
Caucasian clover has a greater tolerance of drought than white clover has been clearly provided by the
present experiment. Here, plants of Caucasian clover were found to maintain a higher leaf RWC and
LWP than white clover under moderate and severe drought, confirming results from previous
experiments carried out in deep soil bins [16]. Improved drought tolerance was also evident in the BC1
and BC2 hybrids, which maintained higher values of LWP and RWC than white clover, although
lower than Caucasian clover. Consequently, after 35 days of the experiment, the plants of white clover
were visibly wilting whilst those of the BC1 and BC2 hybrids were still turgid. In this experiment,
plants were grown individually in large pots with limited opportunity for development of adventitious
roots and rhizomes and were relatively juvenile plants when measured. Therefore care is necessary in
extrapolating results directly to a field situation. Nevertheless, the results are comparable with previous
experiments where genotypes of these populations were grown in deep soil bins and growth was
typical of that observed in a previous a field plot experiment, in which adventitious roots were able to
develop [16].

4.2. Root Depth Distribution

The objective of this experiment was to determine whether differences in response to drought in this
germplasm might be associated with variation in root depth distribution. Plants tolerate drought
through a range of mechanisms that include enhanced capture of soil moisture, limiting water loss and
retention of cellular rehydration [36]. Rooting depth is one factor that influences soil moisture uptake.
Drought resistant cultivars of species such as bean (Phaseolus vulgaris L.) [37] are those with thicker
and deeper penetrating roots, and a higher proportion of total dry matter allocated to roots. In white
clover, significant genetic variation has been observed for many root characters [38], some of which
might be expected to confer improved drought tolerance. Some authors [39] for example, found
significant genetic variation in seedling root system depth, and a high heritability for this character,
within a collected population of white clover. These differences were related to dry matter yield under
drought conditions, with genotypes from the “long” selection group producing higher yields than those
with shorter roots. However, selection for thicker roots in white clover had varied success [13,14]. In
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the present experiment, Caucasian clover had a greater root weight than white clover at depths below
0.2 m. The BCI1 and BC2 hybrids also had a greater root weight than white clover at depths below
0.2 m. This suggests that the introgression approach increased the allocation of resources to roots at
lower depths thereby contributing to the improved drought tolerance of the hybrids compared to
white clover.

When considering the effect of root system type on plant persistence in conditions of drought it is
important to take into account both the timing of soil water deficits and the use of stored soil water in
relation to crop phenology [40]. Thus, where soil water reserves exist at depth, the ability of plants to
produce deep, extensive root systems is likely to be advantageous [41]. Conversely, where moisture
reserves are confined to the upper layers of soil, then rooting depth becomes less important than the
ability of plants to produce an efficient extraction system in these surface layers [41]. Although depth
of rooting depends on soil type, cultivar and management, white clover is generally considered to be a
shallow-rooted species, with most roots distributed in the top 0.1-0.2 m of soil [38]. This distribution
pattern is likely to be detrimental to the ability of the species to persist under drought and suggests why
the hybrids, with greater root weight than white clover below 0.2m, are more drought tolerant.
In addition, there is evidence that the growth of white clover root systems per se is adversely affected
by drought conditions. For example, the production of new roots of white clover has been found to be
greatly reduced under drought stress [42,43]. Studies [44] comparing root system development in
seedlings of three legume species, 7. repens, Lotus corniculatus and Medicago Ilupulina, under
different levels of drought found that the depth of penetration of the root system of white clover was
considerably more reduced by drought than that of the other species. Consequently, in deep, moist
soils the shallow root system of white clover was found to be adequate to sustain vegetative growth
and seed production, but in conditions of drought an inability to penetrate the soil profile effectively
was found not only to reduce dry matter yield but also to lead to lower seed production per plant and,
ultimately, to plant mortality [44]. The effect of drought on the root growth of the BC hybrids was not
included in the present study but could be the focus of future work, particularly including an analysis
of root growth in different soil types.

4.3. Plant Growth and Development

Persistence and dry matter yield of white clover within mixed swards is determined by stolon
growth and development and the rate at which leaves are produced at stolon nodes [45]. In white
clover, stolon growth and leaf development rate have been shown to be reduced by drought
stress [24,25] In one study [25], a moderate drought reduced leaf development rate by 40% and also
reduced individual leaf area, effects that would have a considerable detrimental effect on DM yield if
replicated in a mixed sward. A similar response to drought by white clover was observed in the present
experiment, as severe drought significantly reduced stolon growth rate and production of new leaf
area. Although the stolon growth, LDR and leaf area of the BC1 and BC2 hybrids were also reduced
by severe drought the difference between growth in the well-watered control and the severe drought
was, unlike white clover, relatively small. Both the moderate and severe drought treatment reduced the
DM yield of white clover, BCl and BC2 hybrids in comparison with the well-watered control.
However, the greater drought tolerance in the hybrids was only reflected in a slight reduction in DM
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yield of the BC1 under moderate drought compared with white clover and the BC2. The reduction in
DM yield of white clover, BC1 and BC2 hybrids was comparable under the severe drought treatment.
Some similarity between white clover and the BC2 is not surprising since they are very closely related
but it is possible that greater differences would have been observed had the experiment continued for
longer than 35 days.

Although the BC1 and BC2 hybrids are essentially white clover-like in appearance, one of the
surprising results was the lower stolon growth rate and of LDR both BC hybrids in the well-watered
treatment compared with the white clover parent. No evidence of differences in stolon growth rate has
been found during characterisation of this germplasm in spaced plant nurseries [8]. Further agronomic
studies, carried out in field plots, have shown that the DM yield of the BC1 and BC2 hybrids when
grown with L. perenne was slightly lower than in white clover in the first harvest year [34]. However,
DM yield did improve in subsequent years and was comparable with white clover in the 2nd and 3rd
harvest years, suggesting that any differences in stolon growth may not be significant for long term
pasture performance. Caucasian clover is a persistent species, but slow to establish with consequently
low initial DM yields and grows poorly in pastures compared with white clover [21], largely due to its
rhizomatous growth. The low stolon growth rate and DR may be a consequence of the introgression of
the rhizomatous trait from Caucasian clover and further selection for improved stolon growth rate may
be required.

5. Conclusions

Analysis of plant water status (leaf relative water content, leaf water potential) and plant growth and
development in response to different levels of drought revealed significant variation between
Caucasian clover and white clover, with an intermediate response of backcross hybrids between these
two species. The parental species differed in root depth distribution and in root weight distribution,
with root weight of Caucasian clover significantly greater than white clover in the 0.1 m to 0.5 m root
zone with the backcross hybrids exhibiting root characteristics intermediate between the parental
species. It is suggested that differences in root distribution is a factor influencing the extent to which
plants are able to tolerate drought, however, further studies are required to quantify the impact of the
differences in root distribution and rhizomes in mature plants.
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