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1. INTRODUCTION
Drought is complex and affects multiple agricultural traits. The timing in the phenology, the duration 
of the water deficit and the actual environmental factors (Vapor Pressure Differential (VPD), radiation, 
precipitation) drive the plant responses and greatly influence the manifestation of the symptoms. 
Absolute classifications towards tolerance are, therefore, not possible. The terms ‘’susceptible” and 
“tolerant” are relative terms which are dependent on the given set of genotypes evaluated under a given 
set of environmental conditions. Depending on the magnitude and the duration of the drought period, 
different genotypes might be required for the targeted environment. Following the definition from Taiz 
and Zeiger (2002), drought tolerance could be described as being able to “tolerate” and restore the 
disequilibrium or disadvantageous influence created by the lack of water. In an ecological plant-central 
approach, the disadvantageous influence is any influence that threatens its existence; therefore, 
tolerance is solely focused on withstanding the adverse period. The focus lies here on the survival of 
the plant and does not necessarily consider the growth potential under the unfavourable conditions. In 
an agricultural approach, the disadvantageous influence is any influence that threatens the yield; thus, 
the focus lies on safeguarding production and profit if water-limiting conditions occur during the crop 
cycle. The survival of long-term severe drought is associated with water-saving strategies and growth 
arrest, which are negatively correlated with safeguarding production. Plant growth is determined by the 
interaction of the genotype with the environment. Crop growth is determined by the interaction of the 
genotype with the environment and the farm management. During the vegetative growth stage, root 
and shoot growth are crucial to ensuring sufficient water and nutrient uptake and energy production 
through photosynthesis. 

However, maintaining a high-growth pace and transpiration under unfavourable conditions could be 
detrimental if not corrected by agricultural management. The natural habitat of wild bananas is a forest 
environment. Wild bananas are opportunistic pioneer plants that occur in disturbed areas of forest 
and thrive at places in the forest where light is abundant. Many clumps of wild bananas survive only 
for a few generations because they are seral plants, which do not survive when the climax vegetation 
becomes established (Gibbs and Turner, 2018; Simmonds, 1962). Wild banana species require high 
temperatures, high humidity and high light intensities. But humans have brought the crop into open 
fields, where the protective surrounding canopy of the forest is no longer present. An open field has 
higher radiation and a higher VPD and so a higher evaporative demand than the often man-made- 
transient habitats in the forest. Selection by humans of edible bananas has most likely taken place 
for fruit characteristics with less or no attention to water usage. Therefore, there is an urgent need to 
evaluate our banana diversity in the field.

A terminology was introduced by Berger-Landefeldt to describe the daily patterns of water relations, 
distinguishing plant species based on their ability to decouple their leaf water potential from 
atmospheric demand: iso/anisohydric (Berger-Landefeldt, 1936). Isohydric behavior is what we 
would call “conservative behaviour”: there is strong regulation of the leaf water potential and stomata 
close to ensure a high leaf water potential (Ψl). However, different definitions exist and the molecular 
mechanism controlling the plant/leaf water potential in response to the evaporative demand (isohydric 
vs anisohydric plant) is still not fully known (Hochberg et al., 2018). The use of the terminology iso/
anisohydric is suitable to describe the mechanism evolved to react to a high evaporative demand 



66

but cannot be used for classification of plant species or in our case different cultivars. The hydraulic 
parameters related to iso/anisohydric terminology are not solely determined by the genotype but also 
by the environment (relationship between the soil-to-canopy-hydraulic conductance (k), soil water 
potential (Ψsoil), the leaf water potential (Ψl) and the maximal transpiration (Emax)). Ψl_crit is variable and 
is a close interaction between the genotype and the environment. One assumes that the transpiration 
(E) is regulated by the root conductivity and the stomata to prevent Ψl from falling below a critical 
water potential (Ψl_crit). The daily drop in water potential (ΔΨ) is then defined by Ψsoil and  Ψl_crit. ABA is 
the hormone that is sent by the roots when Ψsoil is too low and can be released by the leaves when Ψl_crit 
is reached.1 Mencuccini et al. (2000) have shown that stomatal responsiveness to Ψl depends on the 
time of the day under constant light. It has also been shown via online transpiration monitoring in the 
same controlled environment that this stomatal responsiveness is genotype specific in banana (van 
Wesemael et al., 2019). Some genotypes are “risk takers” and send the signal to reduce E relatively 
late, while others are “conservative” and reduce or stop E sooner. In general, all banana cultivars 
close their stomata relatively soon to avoid a large drop in Ψl. To determine whether a cultivar is a 
“conservative water user” or rather ‘’a risk taker,” the transpiration in response to the environment needs 
to be monitored. 

Banana is a fast-growing crop with a long crop cycle (Figure 1). A lack of water reduces the yield and 
prolongs the crop cycle (Robinson and Alberts, 1986). The impact of the drought on yield and the 
length of the crop cycle depends on the developmental stage when the water deficit is experienced 
(Figure 1). Depending on the banana-growing area and the cultivar, the crop cycle can vary between 
9–20 months (Robinson, 1996). In many areas, the crop cycle includes a dry season of 1–3 months. 
When the dry season takes place during the vegetative phase, then it will delay flowering and affect 
sucker emergence and growth. When it takes place at the floral and/or fruit phase, it will affect the 
fruit development and filling and the sucker growth. Therefore, the time of planting has a considerable 
effect on the yield loss for the first cycles.

1. Note that in practice a reduction of E can already take place before Ψl_crit is reached since transpiration is dominantly driven by the radiation.
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Figure 1. Crop cycle and distribution of harvest of the plant and two ratoon crops. P: Planting date, Fl: Flowering phase. R
b
: Time at 

which the ratoon begins (selection of sucker). B
E
: time of flowering or bunch emergence, H: Harvest. Figure adapted from Robinson and 

Alberts (1986) and Turner (1995). The time frame indicated here is indicative. The real time depends on the environment x genotype x 
management interaction. A water deficit during the vegetative phase will delay the transition from vegetative to floral phases and so will 
prolong the crop cycle. A water deficit during the floral phase will prolong the crop cycle and will reduce the yield. The number of fruits 
per hand are especially affected (Gibbs and Turner, 2018). Water deficit during the fruit phase affects the fruit filling and will reduce the 
bunch and hand size and weight. Flower abortion might also influence the number of fruits per hand.

Trait and variable selection

Yield is the only metric that matters from an agricultural perspective. Since most plantations are 
harvested over multiple years (Figure 1), the trait yield is generally measured by the variable “plant 
annual yield” (Kg/Ha*Y). The harvest-to-harvest time varies between 6–13 months (Figure 1) 
(Robinson, 1996). However, if a field trial cannot be organized and/or yield cannot be measured due to 
experimental constraints or lack of throughput, other traits/variables need to be measured (Robinson 
and Alberts, 1986; Nyombi et al., 2010; Ravi et al., 2013). Which other measurable variables describing a 
trait are correlated to yield? For that, the phenological stage of the plant is important. In ratoon banana 
crops, the growth cycle has several important milestones indicating key phenological stages: time of 
emergence and start of ratoon growth, harvest time of the mother plant, time of flowering and harvest 
time of the ratoon bunch (Figure 1). Unfortunately, few experiments separate these components and 
so one must be aware that any factor, such as water deficit, may affect one more than the other (David 
Turner, personal communication). 
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The transpiration ratio measures the relationship between water loss and net carbon gain. The 
reciprocal of the transpiration ratio is called the Water Use Efficiency, which is a measurement of the 
efficiency of water used to produce a unit of harvestable product. A major drawback of selection for 
water use efficiency is that it can guide phenotype selection towards slow growers. This was suggested 
by Blum (2009), following de Wit’s equation (Eq. 1.1).

(1.1)

B is the biomass or fresh weight accumulated, Tr is the transpiration, n is a transpiration independent 
crop constant and E0 is the free water evaporation. 

Decreasing transpiration will thus increase transpiration efficiency but further decrease biomass 
accumulation. Therefore, it is equally important to take growth into account. Non-stressed conditions 
are often disregarded when looking for drought tolerance. As stated above, since most banana growing 
areas have a crop cycle of 9–20 months with a dry season of 1–3 months, the period with no water 
deficit is the most prevalent situation. For that reason, the selected variables should be tested and 
compared between contrasting phenotypes under favorable conditions as well. Better performing 
genotypes under stress conditions are not necessarily the best performers under favorable conditions. 
Therefore, the usage of genetic diversity should be promoted, especially in extensive agriculture where 
inputs and particularly water supply are not mastered. From this perspective, we proposed the use 
of double ranking to evaluate both water use efficiency and growth for drought-tolerant genotype 
selection (Kissel et al., 2015). In this approach, the growth of all genotypes is ranked relatively under 
both conditions (drought and control). A suitable phenotype for drought stress is a phenotype that has 
a better than average growth both under normal and stress conditions.

Ideally all genotypes are screened in the field. But screening numerous accessions from start to harvest 
would be extremely labour, time and cost intensive. Therefore, we propose a workflow where the 
biodiversity is first quickly screened through an early screening approach. An early screening approach 
via, for example, pots in a greenhouse or a growth chamber, enables us to screen the cultivars in a 
controlled environment and to assess the growth potential in a fast and repeatable manner. The output 
of the early screening is a relative ranking of the different cultivars to further validate in the field. A 
greenhouse screening setup offers great control over the water potential, but VPD and light are more 
difficult to control. In a growth chamber, VPD, light and soil water potential can be perfectly controlled, 
but the bottleneck is light intensity. In the field, many biotic and abiotic factors also influence plants 
along with water deficit. The focus of the early screening is throughput. High throughput means 
screening many plants/cultivars over a limited period as thoroughly as possible. The more variation 
can be attributed to a difference in genetic makeup of genotypes without being overshadowed by 
noise due to the environment, the more precisely we can distinguish differential reactions between 
genotypes. Therefore, we can observe a difference between genotypes much faster, which reduces 
the time needed for screening. 
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Using the early screening method, we intend to evaluate the growth potential of the genotypes both 
under normal and stress conditions as vegetative growth influences yield (Taulya et al., 2014). As 
stated above, we specifically want to consider the growth potential under favorable conditions as 
those are the conditions that prevail most in the field. A farmer would not benefit from a tolerant 
cultivar under stress that performs badly under favorable conditions. The cultivars with the best growth 
potential both under stress and non-stress conditions are regarded as the most suitable in a rainfed 
system and agro-ecozone with a dry season of 2–3 months.

Testing under controlled conditions allows one also to make correlations towards the molecular 
physiology and genetics (van Wesemael et al., 2018, 2019; Cenci et al., 2019). However, the banana 
genotypes which give a normal bunch, fruit development and economically viable yield is the ultimate 
goal. Therefore, a subsequent field trial in the right target environment of 2–3 cycles is crucial.
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2. EARLY SCREENING
Hydroponics screening in a growth chamber:  
simulating a water deficit at root level

Starting material

The starting material should be in vitro plantlets that are ideally obtained from the International Musa 
Germplasm Transit Centre. Material can be ordered through the Musa Germplasm Information System 
(MGIS; www.crop-diversity.org).

Medium 2

2 Whatever system is used, care should be taken that enough oxygen is supplied to the submerged roots so that this is not a stress issue.

3 Each tested group (genotype × treatment) needs to contain at least six biological replicates. Despite the fact that the cultivar plants are clones 
and have the same age, a considerable amount of variability might be present. So a high number of biological replicates is necessary.

4 The light intensity plays a crucial role in the evapotranspiration. Artificial light is usually limited in its intensity. A minimum of 350 μ mol/m2 s 
at canopy level is recommended.

The plant3 need to be grown at least 35 days in an autotrophic system before starting the 
experiment. The composition of the medium is 3.61 g/L KNO3, 1.21 g/L K2SO4, 1.61 g/L MgSO4. 
7H2O, 1.81 g/L MgCl2.6H2O, 0.6 g/L Sequestrene, 0.0114 g/L H3BO3, 0.027 g/L MnSO4.H2O, 
0.0023 g/L ZnSO4.7H2O, 0.0016 g/L CuSO4.5H2O, 0.0007 g/L NaMo4.2H2O, pH = 6. The plants 
need to be placed in a controlled environment where the VPD is not a limiting factor e.g. at  
25°C, 75% relative humidity, and a 12h/12h light/dark cycle 4. 

The stressed plants need to receive the medium described above supplemented with 5% (W/W) 
poly-ethylene glycol 8000 (PEG8000) added to it5. 

Determine the fresh weight and the projected leaf area of each individual plant, discard plants that 
are too small or too big and make sure that the population that is subjected to both treatments 
are homogenous.  

Make a cut in the youngest leaf or mark so that you have a reference point of the start of the 
experiment (Figure 2).

Determine the area of the whole canopy in top view weekly (CO_325:0000882).6 Use an algorithm 
that separates green plant pixels from the blue background by colour segmentation. Use a red 
reference surface of known size (e.g. 10 x 5 cm).

At 28 days, determine all the variables described in Table 1.

Perform a two-way ANOVA7  to evaluate the genotype, treatment and genotype × treatment effect 
of all the variables. A p-value lower than 0.05 can be considered as significant. 

Rank the tested cultivars/genotypes accordingly (Figure 3).8 
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5 This is an appropriate osmotic stress level to distinguish different genotypes for drought stress tolerance (~ -50 kPa). A stress that is too mild 
will result in growth differences that are too small to statistically assess and a stress that is too strong will result in a growth arrest of all 
genotypes. Care must be taken to grow the plants in clean conditions. Contamination with micro-organisms that metabolize PEG have been 
reported with upscaling, disturbing the experiment (van Wesemael, PhD thesis KULeuven, 2019).

6 These variables are extracted from the digital images with a self-developed software tool in R based on the EBImage Bioconductor package 
and ImageMagick.

7 ANOVA is a parametric test that assumes normality and homoscedasticity. This needs to be verified. This can only be tested when enough 
biological replicates are used. If the requisites are not met, then non-parametric tests need to be used.

8 The normalized ranking views the growth of the cultivars compared to the group median. A growth higher than 0 implies that this genotype 
grows better than the group median.

TRAIT ID TRAIT DESCRIPTION METHOD ID METHOD DESCRIPTION FORMULA SCALE

CO_325:0000921
The projected leaf area of 
a plant (photosynthetic 
surface)

CO_325:0010537 Top view image cm2

CO_325:0000922 The area of a leaf CO_325:0010538 Top view image of loose leaves cm2

CO_325:0000924 The length of a leaf CO_325:0010541 The longest diagonal of a fitted ellipse cm

CO_325:0000926 The width of a leaf CO_325:0010543 The shortest diagonal of a fitted ellipse cm

CO_325:0000932

The ratio of dry mass 
of belowground (root) 
to aboveground (shoot) 
biomass

CO_325:0010549
Ratio of belowground (root) to  
aboveground (shoot) dry mass

rootDryMass / 
shootDryMass

unitless

CO_325:0000933
The relative water content 
in a leaf

CO_325:0010550
(Leaf Fresh Weight - Leaf Dry Weight) / 
Leaf Fresh Weight

(FW-DW)/FW unitless

CO_325:0000934
The relative water content 
in a pseudostem

CO_325:0010551
(Pseudostem Fresh Weight -  
Pseudostem Dry Weight) / Pseudostem 
Fresh Weight

(FW-DW)/FW unitless

CO_325:0000936
The relative water content 
in the whole plant

CO_325:0010553
(Plant Fresh Weight - Plant Dry Weight) 
/ Plant Fresh Weight

(FW-DW)/FW unitless

CO_325:0000941
The amount of water loss 
through the plant over 
time

CO_325:0010558
Weighing of water loss through 
plant between time points (refer to 
experimental metadata)

measurements 
on 2 time points 
required (refer 
to experimental 
metadata)

mL

CO_325:0000942
The growth (weight 
increase) per volume 
transpired water

CO_325:0010559
Gram accumulated biomass per volume 
water transpired

growthDry / 
waterLossPlant

g / mL

Table 1. Overview of the measured and derived variables.
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TRAIT ID TRAIT DESCRIPTION METHOD ID METHOD DESCRIPTION FORMULA SCALE

CO_325:0000950
The average daily water 
loss

CO_325:0010567
Measurement of system water loss 
between two time points (refer to 
experimental metadata)

waterLoss / 
number of 
days between 
consecutive 
water loss 
measurements

mL/ day

CO_325:0000951
The amount of water loss 
in the system normalized 
by the leaf area

CO_325:0010568
Weighing of water loss through system 
normalized by leaf area

waterLossSyst / 
totLeafArea

mL / cm2

CO_325:0000952
Dry mass accumulation 

over time
CO_325:0010569

Dry weight difference between time 
points (refer to experimental metadata)

measurements 
on 2 time points 
required (refer 
to experimental 
metadata)

g

The full list of banana crop ontology is available at http://www.cropontology.org/terms/CO_325/

Figure 2. Visualization of the automatic leaf area analysis based on digital images. The green objects represent the detected plant parts 
by the algorithm. The labels on the green object represent the different objects that were detected. The circle shape of the label means 
that the leaf was formed after the experiment has started, and the square shapes represent the leaves that were present when the 
experiment started. Area is calculated by detecting the red reference rectangle as represented by the red object labeled ‘R’. The ellipses 
show the elliptic fit of the leaf objects from which the width and length can be used to approxImate leaf width and length. Leaf number 6 
has the cut. This means that all leaves below 6 are newly formed during the experiment.
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Figure 3. Median normalized plant growth CO_325:0000952 during the experiment under control and stress for each cultivar after  
21 days of osmotic stress (n=6). The error bars indicate the standard error.
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POT SCREENING
Starting material

The starting material should be in vitro plantlets that are ideally obtained from the International Musa 
Germplasm Transit Centre. 

Soil

Characterize the composition of your soil and construct a water retention curve to control the 
water volume in the pots10 (Figure 4). 

Sacrifice 50 plants of different sizes per genotype to determine the relation between the area of 
the whole canopy in top view (CO_325:0000921) and the plant mass (Figure 4).11

Determine the fresh weight and the projected leaf area of each individual plant (Figure 4).

Make a cut or mark the youngest leaf so that you have a reference point of the start of the 
experiment.

Determine the area of the whole canopy in top view weekly (CO_325:0000921) and feed the area 
into your equation to calculate the plant mass.

Add water to stay within the limits of the treatments (Table 2).

At the end of the experiment12 (at least 28 days), determine all the variables described in Table 1.

Perform a two-way ANOVA13 to evaluate the genotype, treatment and genotype × treatment 
interaction of all the variables. A p-value lower than 0.05 can be considered significant.

Rank the tested cultivars/genotypes accordingly. 

9 If in vitro facilities are not available, then the PIF technique should be applied (Kwa M. 2002. New horticultural techniques of mass production of 
bananas: the PIF technique (plants issued from stem bits). Technical data sheet CARBAP. 2 p.) This technique risks to introduce more variability 
in the starting population and will be reflected in the number of biological replicates needed.

10 Different curves and so equations might be needed depending on the soil and the water volume. Care should be taken to have always the same 
bulk density. For an example, see Kissel et al. (2015). A pot volume between 10 to 30 L is appropriate.

11 The area can also be determined by hand - see section on field work.

12 The end of the experiment will be determined by the ratio pot size/plant size and the linearity range of the plant mass/area of the whole canopy 
in top view.

13 ANOVA is a parametric test that assumes normality and homoscedasticity. This needs to be verified and can only be tested when enough 
biological replicates are used. If the requisites are not met, then non-parametric tests need to be used.
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Figure 4. Above: Water retention curve of the soil. The retention curve determines relationship between the soil water volume and the 
water potential. The soil water volume can be deduced from the pot weight and so the limits of the pot weight can be determined for each 
treatment. An example is given for pF 2 in blue (control treatment) and for pF 2.7 (water deficit treatment). This relation is soil specific 
and must be determined for each experiment. Below: Relation of whole canopy in top view and real plant mass. In the experiment, weekly 
pictures are taken, the new plant mass is estimated based on the whole canopy-plant mass relation and the target pot weight is adjusted 
in order to ensure the correct water volume in the pot.
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3. FIELD SCREENING
Introduction

Screening bananas in the field is challenging. It involves detailed and careful planning to accommodate 
different genotypes with varied crop durations. In addition, tolerant traits need to be measured during 
the critical stages in the ontogeny (Gibbs and Turner, 2018). The following protocol describes screening 
many banana accessions in the field. As stated above, the life cycle of a banana shoot can be divided into 
three phases: vegetative, floral and fruiting (Figure 1). At the start of the floral phase, the apex changes 
from leaf formation towards the inflorescence formation. During this crucial floral phase, the following 
events take place: formation of nodes (hands) of fruit-forming flowers along the female peduncle, 
the slow elongation of the aerial true stem and male peduncle, and then the formation of nodes of 
male flowers. The floral phase ends when the inflorescence emerges from the top of the pseudostem 
(Figure 1). The fruit phase is from inflorescence emergence until fruit maturity. The sequence of events 
during bunch formation is best observed with reference to retrospective counting of leaves, starting at 
bunch emergence. The start of the floral phase (bunch formation) begins at leaf −11 (11 leaves before 
bunch emergence), the formation of the fruit-bearing hands can be seen microscopically at leaf −9 and 
is completed at about leaf −7 or −6 (Gibbs and Turner, 2018). 

During the vegetative phase, a water deficit will delay the transition from vegetative to floral phases 
(Fortescue et al., 2011). The interaction between seasonal changes in temperature, photoperiod and 
soil-water balance will influence the timing of the transition from vegetative to floral phase, contributing 
to seasonal variation in flowering and bunch harvest (Gibbs and Turner, 2018). The floral phase is 
the most vulnerable. There is a competition for resources between the developing bunch, growth of 
emerging leaves and elongation of the aerial true stem. A water deficit during the floral phase will 
prolong the crop cycle and will reduce the yield, especially affecting the number of fruits per hand 
(Gibbs and Turner, 2018). Water deficit during the fruit phase affects the fruit filling and will reduce the 
bunch, hand size and weight. Late flower abortion might also influence the number of fruits per hand.

Characterization of targeted population environment

The experimental setup must target the environment where the improved varieties are to be grown. 
The target environment varies from region to region. Drought risk analysis needs to be obtained from 

Table 2. The different treatments given as an interval of soil water potential Ψ and of its logarithmic scale. The volumetric water 
content for every Ψ depends on the experimental specific water retention curve. It is important that the pF of control level stays 
below 2.1 since we have evidence of starting water deficit at that level. The other 2 stress levels are indicative and should be chosen 
based on real values encountered in the field of choice.

WATER LEVEL SOIL Ψ (hPa) LOG |Ψ|= pF

0 (control) [-63, -126] [1.8, 2.1]

1 (stress) [-316, -501] [2.5, 2.7]

2 (stress) [-631, -1259] [2.8, 3.1]
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14 If no weather station data are available, make a simulation of the climate using the free FAO software NewLocClim.

15 Take care to conserve the soil structure and density.

16 This is the same as in Figure 4, pF stands for Log |Ψ| in hPa see Table 2.

17 The selection field is important. We must find a good field with uniform soil physical properties which can accommodate all the accessions to 
screen. The more heterogeneous the field is, the more replicates and blocks that need to be taken into account.

18 The use of ploughing is currently heavily debated since it disturbs the soil structure completely and might interfere with the soil biome.

19 Though the choice of optimum plant density depends upon locality, cultivar, soil type and fertility and management level. For screening 
purposes, we recommend 2.1 m x 2.1 m, which can accommodate 2260 plants per ha.

20 One should avoid putting suckers directly in the field. Small suckers need to be grown in pots and transferred to the field as homogeneous 
plantlets with well-deployed leaves. The ideal is uniform in vitro plants or if not possible, we can use the uniform PIF plants. We recommend 
using genotypes that have a similar crop cycle in favorable conditions.

21 In case of tissue culture plants (Figure 5), two days before planting, apply 10 g Carbofuran in the polythene bags and drench the plants with 
0.1% Emissan (1 g per litre of water) to protect the plants against nematode infestation and head rot disease.

the knowledge and experience of farmers and/or weather station data. Monitoring the following water 
levels / and VPD during crop growth period is essential:

1. Early water deficit that occurs during the vegetative phase

2. An intermittent water deficit that occurs during the floral phase

3. Late water deficit that may occur during fruit phase

In addition to the timing, it is also important to control the severity of the water deficit and compare it 
to fully irrigated controls. Therefore, it is important to know the water availability for the complete crop 
growth period.

Field testing

Determine the water balance model based on weather data14 and knowledge of soil texture & root 
depth and estimate the available water during crop growth period.

Collect soil from the experimental field at 15–30 cm depth at different places.15 

Saturate the soil and subject it to different pressures in the pressure plate membrane apparatus 
to derive the soil moisture release curve. 

From the soil moisture release curve, calculate the soil matric potential.16 

Prepare the land accordingly17, 18 and dig pits of 45 cm x 45 cm x 45 cm at a distance of 2m x 2m 
and finally add 10–15 kg of well decomposed Farmyard Manure / composted manure per pit.19

Select ‘sword suckers’20 with broad corm and narrow sword-like leaves from plants, which are 
free from pests and diseases (virus, fungus, bacteria, corm-borer and nematodes).  

Move the suckers to the field when they are 2–3 months old, uniform in size, weighing 1–1.5 kg 
(varies with genotypes). 

Dip the suckers21 in 0.2% Carbendazim (2 g/litre of water) and 0.25% triazophos (2.5 ml/litre) 
solutions for about 30 minutes as a prophylactic measure against Fusarium wilt disease, 
nematodes and rhizome weevil infestation.
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Plant the suckers in the centre point of the pit and press the soil around the suckers firmly22.

The design for the experiment should be a split plot with at least three replications. Main Plot 
(M1 = Irrigated; M2 = Drought; Sub Plot = Genotypes). Each replication must have a minimum 
of five plants. This experiment must be repeated at least twice for each phase (vegetative, floral 
and fruit).

Irrigate23 the plants daily through drip method during non-rainy season until they are ready for the 
treatment imposition.

22 Soon after planting, it is important to provide shade using leaves, gunny bags, etc., as it protects the plants against hot sunny weather that 
helps in better initial establishment.

23 Drip irrigation is desirable as it is easy to control water and reduces the possibility of later seepage of water into irrigated treatments. It is 
better to have individual taps to each plant level to regulate water to get uniformly to all the treatment plants. The requirement of water per 
plant may vary with season and stage of plant. Generally, water is applied by drip between 16–24 litres of water per day per plant during  
non-cloudy days.

Figure 5. Uniform tissue cultured plants (Photo: Ravi Iyyakutty).
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Figure 6. Drought phenotyping field trial in India (Photo: Sebastien Carpentier).

Figure 7. Drip irrigation facility laid out in the field (Photo: Ravi Iyyakutty).

Apply the treatment at an appropriate moment (see above). Impose the treatment through 
closure of the drip irrigation channel 24.

Monitor the soil moisture (15 cm to 30 cm of the soil depth) at least at weekly intervals until it 
reaches a level relevant for the environment25. This value can be derived from the soil moisture 
release curve developed from the experimental field. Measure the soil moisture % from the field 
at regular intervals through gravimetric method or Time Domain Reflectometry (TDR) or any 
other soil probe.
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Plant growth parameters

It is important to keep track of the number of leaves so that one can count back and determine the shift 
of the vegetative to the floral phase see above and Gibbs and Turner (2018). A list of useful parameters 
and the link to the crop ontology is given in Table 3.

Vegetative and floral stage

Plant height, pseudostem girth, leaf length, leaf width, leaf emergence rate and leaf senescence 
rate (start of yellowing of leaves) are the variables to be measured. Based on these variables other 
parameters can be derived (Ravi et al., 2013).

Instead of image software, the leaf area (A) can also be measured manually with this formula: A= 0.83 
(lb) where l = length of lamina in cm and b = breadth of lamina at its widest point (Summerville, 1944).

Leaf Area Index (L): area of leaf (A) per unit area of land (dimensionless).

The leaf emergence rate (LER) is a useful index of the vegetative development rate of a banana 
plant and is closely related to temperature. The leaves emerged during the experimental period are 
noted in both control and treated plants. The total number of fully opened leaves produced during the 
experimental period should be counted on a weekly basis.

LER = Leaf number / week

Fruit stage

At the fruit stage, record the time of flowering, time of harvest, the fruit filling index, the number of 
hands and number of fruits at harvest and their weight.

24 During treatment, fertilizers should not be applied. Fertilizers can be applied 10-15 days prior to the treatment.

25 For example, in India a value of -0.6 to -0.7 MPa (pF 3.77–3.84) is relevant.

PHASE TRAIT ONTOLOGY IDA HOW/WHEN MEASURED

VEGETATIVE 
PHASE 

Plant height (cm) CO_325:0000009

Measure weekly the distance from the collar, or from the pseudostem 
base at the ground if the collar is not visible, to the intersection of 
the petioles of the two youngest leaves (leaf ranks 1 and 2), using a 
measuring pole or sliding ruler

Weekly leaf emission rate CO_325:0000726
Rank of previously marked leaf at one point in time, minus 1 divided 
by the time elapsed between the two “Date of data collection” events

Pseudostem height increase 
per leaf formed

CO_325:0000956
Pseudostem height difference between time points (refer to 
experimental metadata) per number of new leaves formed between 
time points 

Table 3. List of agronomic traits for field testing
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26 In a normal management, the number of suckers is limited to a selection of 2 generations and so de-suckering is done.

27 Although the Crop ontology website states these variables in days, the ideal way to measure them are in Thermal Units (Turner and Lahav, 
1983).

PHASE TRAIT ONTOLOGY IDA HOW/WHEN MEASURED

FLORAL  
PHASE

Plant girth (cm) CO_325:0000012
Measure the circumference of the pseudostem of the plant at 75 cm 
from the collar, or from the pseudostem base at the ground if the 
collar is not visible, using a tape measure

Height of tallest sucker (cm) CO_325:0000027
On the tallest sucker, measure the distance from the pseudostem 
base at the ground to the intersection of the petioles of the two 
youngest leaves, using a measuring pole or sliding ruler

Number of suckers26 CO_325:0000024 Count how many of all types of suckers are in the mat

Weekly leaf emission rate CO_325:0000726
Rank of previously marked leaf at one point in time, minus 1 divided 
by the time elapsed between the two “Date of data collection” events

FRUIT  
PHASE

Bunch weight (kg) CO_325:0000034 Measured at harvest after removing the peduncle and the rachis 

Number of fruits CO_325:0010353 Total number of fruits on a bunch at harvest 

Number of hands CO_325:0000478 Total number of hands on a bunch at harvest 

Number of fingers in hand CO_325:0000042
Count how many fingers are in a hand. Associate the data with the 
hand rank

Fruit length CO_325:0000482

Measure at harvest the length of the internal arc of a fruit, without 
pedicel. Record on the inner fruit in the middle of the mid-hand of the 
bunch. If there is an even number of hands, there will be two middle 
hands so use the upper hand that developed first. Record the range

Average finger weight CO_325:0000335
Calculate at harvest the sum of the finger weight measurements, 
divided by the number of those measurements

WHOLE  
CYCLE27

Plant cycle CO_325:0000006 Difference between harvest date and planting date (only for cycle 1)

Planting to flowering CO_325:0000000
The time elapsed from planting to when the inflorescence emerges 
from the pseudostem

Flowering to harvest CO_325:0000292

Expected yield (t/ha/year) CO_325:0010077
Bunch weight divided by 1,000, multiplied by annual crop cycle 
proportion, multiplied by number of plants per ha 

a Crop Ontology identifier for the measured agronomic traits (source: Crop Ontology Curation Tool, http://www.cropontology.org/ontology/CO_325/Banana).
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