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Abstract. 
 

Improving crop water economy is one among the major discussed means for climate 
adaptation despite the fact that very few crop varieties with more efficient water use have so 
far been released.  

The overall aim of this project work was to identify phenotypic differences among beans from 
Rwanda East Africa, regarding traits that relate to plant water economy. This particular 
project therefore involved measurements of parameters on 12 Rwandan varieties such as 
photosynthesis, stomatal conductance, transpiration and water use efficiency during the day.  

Also minimum water use parameters were measured such as leaf conductance when petiole of 
the leaf is cut, (i.e. minimum conductance) and nighttime stomatal conductance. Finally, 
osmolality measurements were carried out in-order to determine water attraction and retention 
capacities of the respective Rwandan varieties.  

Results have shown significant differences among varieties in photosynthesis, stomatal 
conductance, minimum leaf conductance and water use efficiency (P ˂ 0.001). Furthermore, 
these traits were compared against precipitation amounts in the respective areas of origin of 
12 bean varieties. Only photosynthesis and stomatal conductance showed near significant 
relationships with precipitation from regions of origin (P=0.06). Osmolality, minimum leaf 
conductance and water use efficiency showed no significant dependence on precipitation. 

Varieties 2, 8 and 11 had high values of water use efficiency, making them suitable varieties 
for future genetic breeding to improve bean water economy however variety 2 was different 
from variety 8 and 11 in a manner that it had low value of net photosynthesis but higher value 
in water use efficiency suggesting that it could be well adapted for drought conditions. 
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 Introduction 
 

1.1 Background and problem Statement 
 Increasing trends of surface air temperatures at a global level have been observed in many 
studies  (Wetter, et al., 2014) and climatic models project a progressive continuation of the 
observed temperature increase in coming centuries, regardless of emission scenarios 
(Michael, et al., 2014). 

Increased temperature is expected to have significant effects on the fitness of living 
organisms. One among the effects of climate change is hunger which is significantly worse in 
agricultural systems which are sensitive to rainfall and temperature variability. It is well 
known that malnutrition as well as hunger is becoming significant stumbling blocks and 
obstacles for development in all aspects particularly economic development. 

Improving crop water economy is one among the major discussed means for climate 
adaptation despite the fact that very few crop varieties with more efficient water use have so 
far been released (Roche, 2015) 

Improved water economy in crops results in slower depletion of soil moisture which in turn 
then increases the chances of a good yield or output and reduced need for irrigation (Condon, 
Farquhar, Rebetzke, & Richards, 2004).  

One means of improving plant water economy is the selection for higher intrinsic water use 
efficiency which is the relationship between carbon fixations and transpiration. Lowering the 
stomatal conductance may result in the reduction of the expected yield if the amount of CO2 

available for photosynthesis decreases. 

Improving photosynthetic capacity may result in increased productivity per the transpired 
molecule, although it may not necessarily imply a reduction in water use. Since the 
photosynthetic rate is not directly proportional to stomatal conductance , a reduction in 
stomatal conductance can be compensated for by a relatively smaller increase in 
photosynthetic capacity (Condon, Farquhar, Rebetzke, & Richards, 2004). Combining 
reduced stomatal conductance and slightly increasing photosynthetic capacity would therefore 
be preferable. 

 

1.1.1 Photosynthesis, Stomatal Conductance and Water Use Efficiency 
The control of gaseous exchange between the leaf and bulk atmosphere by the stomatal 
governs CO2 uptake for photosynthesis and transpiration thereby determining the plant 
productivity and water use efficiency (Lawson & Blatt, 2014), However such balance 
between these two Processes depends on stomatal responses to environmental and internal 
cues as well as synchrony of stomatal behaviour relative to mesophyll demand for CO2. 
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The route for CO2 uptake from the atmosphere to the ultimate point of its fixation is 
determined by a series of diffusional resistances which start with the layer of air immediately 
surrounding the leaf.  

Further resistances are encountered by CO2 across aqueous and lipid boundaries into the 
mesophyll cell, the chloroplast and stomatal resistances. Water  leaving the leaf largely 
follows the same pathway but in a reverse way without mesophyll resistance (Lawson & 
Blatt, 2014).  

The guard cells of the stomatal increase and decrease in volume in response to external and 
internal stimuli, resulting changes in the stomatal aperture hence affecting the flux of gases 
between leaf internal environment and the bulk atmosphere (Lawson & Blatt, 2014).  

Early experiments have shown that photosynthetic rates were correlated with stomatal 
conductance when other factors were not limiting (Wong, Chen, Huang, & Weng, 2012), 
meaning that low stomatal conductance limits assimilation rate by restricting CO2 diffusion 
into the leaf which when integrated over the growing season will influence the carbohydrate 
status of the leaf thereby posing consequences for crop yield (Lawson & Blatt, 2014).  

Stomata of well-watered plants are thought to reduce photosynthesis rates by about 20% for 
C3 plant species and by less in C4 plants in the field (Farquhar & Sharkey, 1982). It is possible 
to increase or decrease the gaseous conductance across the leaf surface (Büssis, von Groll, 
Fisahn, & Altmann, 2006).  

Lower stomatal conductance may result in smaller yields since the amount of carbon required 
for photosynthesis to take place decreases. However, improved photosynthetic capacity may 
increase the productivity per transpired water molecule but does not necessarily reduce water 
use.  

In general, higher water use efficiency values are observed mostly in plants with lower 
stomatal conductance but these gains in such plants are usually achieved together with a 
reduction in photosynthesis and slower plant growth.  

Plants with higher stomatal conductance have greater assimilation rates and grow faster under 
optimal conditions, but they generally do exhibit lower water use efficiency values (Lawson 
& Blatt, 2014). 

1.1.2     Nighttime Stomatal Conductance. 
Most plants continue to lose water during nighttime hours. Even if the water loss is an 
inevitable result of the stomatal opening during the day to allow photosynthetic carbon gain, 
nighttime stomatal openings is unexpected as carbon gain is not taking place and also the need 
to cool leaves is reduced or absent. Research bodies have been able to examine how stomatal 
conductance during the day responds to genetic controls and other environmental conditions 
(Buckley, 2005; McAdam & Brodribb, 2015)  

There is a supporting evidence of the significant nighttime stomatal conductance and 
transpiration in wide ranges of both C3 and C4 plants across various habitats and in their 
respective multiple climatic zones (Snyder, Richards, & Donovan, 2003). Such above 
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observations are at odds with other optimal stomatal theories which suggest that C3 and C4 
plants should close their stomatal completely so as to avoid water loss when there is no 
carbon gain and minimum need to cool the leaves during night (Caird, Richards, & Donovan, 
2007). Transpiration rates typically do range from 10%-15% of the day time rates and can as 
well reach up to 20%-30% of the day time rates (Bucci, et al., 2004;Sellin & Lubenets, 2010). 
This is then a considerable water flux especially for plants in the drought regions where 
growth is often hindered or limited by water availability (Yu, et al., 2018; Chen, JayaPrakash, 
Yu, & Guttal, 2018). 

 Most of the large scale ecosystem models either ignore nigh time water loss or set a low and 
constant value of nighttime stomatal conductance and transpiration which can then lead to 
obvious biases in estimates of plant water use efficiency, ecosystem transpiration as well as 
ecosystem carbon/water cycling in climate change perspective (Novick, Oren, Stoy, & 
Siqueira, 2009;Zeppel, Lewis, Phillips, & Tissue, 2014;De Dios, et al., 2015;Lombardozzi, 
ZePPel, Fisher, & Tawfik, 2017;Hoshika, Osada, De Marco, Penuelas, & Paoletti, 2018). 
There has also been a number of studies which suggest that some of the species can actively 
reduce or rather close stomatal during night hour in response to water stress or abscisic acid 
(Cirelli, Equiza, Lieffers, & Tyree, 2015).  

Various studies have also substantiated on the fact that nighttime conductance could as well 
benefit plants through increasing nutrient availability for root uptake (Scholz, et al., 2007)as 
well as oxygen delivery for sap wood parenchyma cells (Daley & Phillips, 2006).  

Other additional adaptive ecological mechanisms which have been proposed suggests that 
nightitime stomatal conductance can be a strategy to reduce hydraulic redistribution in the 
soil, thereby keeping water resources close to an individual plant rather than moving the same 
water towards neighbouring competitors (Huang, et al., 2017), this hypothesis has shown 
some initial empirical support (Neumann, Cardon, Teshera, Rockwell, & Holbrook, 2014).  

1.1.3 Minimum Conductance and Plant water use. 
Plants face dilemma in constructing leaves that have the capability to minimize water loss, 
while allowing the uptake of CO2. Since there is no known membrane that is permeable to 
CO2 but not water, all land plants have stomata in their leaves which one among its roles is to 
disrupt the cuticle and allow uptake of CO2.  

Stomata open and close in response to changes in light intensity, humidity and CO2 
concentration at leaf surface (Duursma, et al., 2019). After accounting for evaporative 
demand, the rate of water loss after evaporation is normally expressed as minimum 
conductance of the leaf (Duursma, et al., 2019), which is then the combination of both 
cuticular conductance and imperfect stomatal closure. 

This minimum conductance concept plays an important role in estimating various water 
fluxes in plant canopies (Barnard & Bauerie, 2013) during heat waves (Kala, et al., 2016) and 
in modelling of various plant drought responses (Blackman, et al., 2016).Only few studies 
have directly quantified the stomata component of the minimum conductance in contrast with 
the wealth information on the cuticular component (Duursma, et al., 2019).  
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For instance, a detailed study of Hedera helix concluded that 35% of water loss occurred 
across stomatal pores and 65% occurred across non stomatal part of the cuticle, despite the 
fact that the stomatal pores presumably covered only a small fraction of the leaf (Santrucek, 
Simánová, Karbulková, Simková, & Schreiber, 2004).  

Currently, various studies on plant responses to drought have mainly focussed on the first 
stage described above because of the basic requirements coupled with fundamental needs of 
the plants to balance stomatal regulation to avoid dehydration relative to carbon gain 
(Mackay, et al., 2015).  

The time lag could be related to the magnitude of gmin representing the minimum plant water 
loss during extreme drought. In evergreen species, stomatal leakiness is an important 
determinant of minimum conductance following stomatal closure and thus also influences 
rates of plants desiccation during drought (Timothy, Scott, Gregory, & Samuel, 2014). 

 

 

1.2 Aims and Hypotheses 

1.2.1 Aims 
The overall aim of this project work was to identify phenotypic differences among beans from 
Rwanda East Africa regarding traits that relate to plant water economy which also include 
water use efficiency. Therefore, it involved measurements of parameters such as 
photosynthesis, stomatal conductance and transpiration and these were carried out during the 
day. Also minimum water use parameters were measured such as leaf conductance when the 
petiole of the leaf is cut (i.e. minimum conductance) and nighttime stomatal conductance. 
Finally, osmolality measurements were carried out in-order to determine water attraction and 
retention capacities of the respective Rwandan varieties 

1.2.2 Hypotheses 
This Project therefore aimed at answering the following three research questions as outlined 
below, 

Do Rwanda bean varieties with higher water use efficiency achieve this through 
increased photosynthesis, low stomatal conductance or a combination of both? 
 
Is there significant genetic variation in water use efficiency? And, if so is it linked to 
precipitation in the region of origin? 

 

Is there significant genetic variation in water retention/osmolality? And, if so is it 
linked to precipitation in the region of origin?  
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2. Materials and Methods 
 

2.1 Plant material and growth conditions 
Twelve Rwandan bean varieties collected in regions of Rwanda that show a considerable 
variation in mean annual precipitation ranging from 900 to 1500 mm were included in this 
study (Table 1). The different varieties were placed randomly in trays and the trays containing 
pots were rotated twice a week to avoid effects of variation in growth conditions within the 
room. The room temperature was 25oC with PPFD of about 200 µ mol m-2s-1 during 12 hours 
per day. Watering was done three days a week using tap water that was put in a 100 ml 
beaker. Fertilizer was also used when watering these plants after germination. Measurements 
were done on fully developed leaves when plants were four weeks. 

 

Figure1: Map of Rwanda showing mean annual precipitation in the regions of origin. 
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Table1: Showing the names of genotypes and their respective codes that had been planted 
during this project work 

Accession Labelling 
Numbers 
during 
sowing 

County Place Location precipitation(m 
of rainfall) 

G20909 1 Bicumbi Nzige Central, 
close to 
Kigali 

900 

G20737 2 Muhura Bibale North East 900 
G20849B 3 Kabarondo Ruyonza South East 900 
G20910 4 Tare Bumba Central 

North 
1100 

G20785 5 Karama Ngoma South close 
to Butare 

1100 

G20898 6 Kivumu Kibanda North West 1200 
G20760 7 Kagano Nyakabango South West 1200 
G21718 8 Nyakinama Rubona North West 1300 
G20775 9 Kamembe Muhari South West 1300 
G20782 10 Kinyamakara Rwameru South Close 

to Butare 
1400 

G20755 11 Gishoma Gisagara South West 1400 
G20974 12 Kinigi Kaburende North West 1500 
 

2.2. Measurements 

2.2.1 Leaf gas exchange measurements. 
Leaf gas exchange measurements were conducted between 9:00 and 17:00 using LI-6400 XT 
portable photosynthesis system standard leaf chamber enclosing 6 cm2 of the leaf. Fully 
developed leaves were measured for net photosynthesis, stomatal conductance and 
transpiration rates. All measurements were conducted at a PPFD of 200 µ mol m-2s-1, 
temperature of 25 oC, ambient air humidity, a carbon dioxide concentration in the reference 
cell being 410 ppm and a flow rate of 400 µ mol s-1. During measurements the leaf was placed 
in the cuvette and after waiting three minutes to obtain stability three logs were made during 
20 seconds. Then the average value was calculated to be used for further analyses. 

2.2.2 Conductance Measurements for Rwandan beans cultivars 
Nighttime measurements for Rwandan bean cultivars were conducted from 20:00 to 23:45 
using LI-6400 XT. Fully developed leaves were measured for the respiration rate, stomatal 
conductance and transpiration rates during the night.  All measurements were conducted at a 
PPFD of 0 µ mol m-2s-1, temperature of 25 oC, ambient air humidity, a CO2 concentration in 
the reference cell being 410 ppm and flow rate of 400 µ mol s-1. During measurements the 
leaf was placed in the cuvette and after waiting three minutes to obtain stability, three logs 
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were made during 20 seconds. The average value was calculated to be used for further 
analyses. 

2.2.3 Minimum leaf Stomatal Conductance Measurements. 
Leaves from Rwandan bean cultivars were cut on the side of the petiole using the razor blade 
and nail polish was applied on the cut-side of the respective petiole to prevent evaporation. 
This was followed by measuring and quantifying the leaf areas using the scanner leaf area 
meter (STD1600+ scanner and WinFolia software, reagent instruments Inc., Quebec, 
Canada). Then leaves were turned upside down and left for five hours and later followed by 
quantification of the masses using a four decimal place balance (with 0.0001 g resolution). 
The mass measurement was repeated periodically in the difference of one hour. 

 The LI-6400 XT was used to measure the relative humidity, temperature of the air and 
vapour pressure deficit during mass measurements. Minimum leaf conductance was 
calculated from leaf mass loss, leaf area and vapour pressure deficit. 

 

2.2.4 Osmolality 
 

In order to determine the drought tolerance and distribution of water availability, there is a 
strong correlation between the two physiological traits which including the leaf water 
potential and the osmotic potential. These can be determined using osmolality measurements 
can be used as accurate measurements to determine the drought tolerance traits that are 
present in the leaf types. The method used in this paper is similar to that described in a study 
by (Barlett, et al., 2012). This method is especially effective for plant species with diverse 
habitat preferences.  

Osmolality measurements were done for the leaves deduced from the Rwandan bean cultivars. 
One light exposed branch from a total of 53 Rwandan bean cultivars was collected in growth 
chambers and small circular portion was cut from the branch and wrapped in the labelled 
aluminium foils. This sampling was done early morning 6:00 am. 

These extracted samples in the aluminium foil were then kept in liquid Nitrogen throughout 
the measuring process using a VAPRO 5520 vapour pressure osmometer. (Wescor, Logan, 
UT) a newer model of the VAPRO  5500. Tests were carried out on the measurement ofo disc 
freezing tiem, thawing time and reduction of evaporation during thawing. To limit the 
condensation of frost after freezing, the extracted samples were wrapped in aluminium foil. 
The submergence period in liquid Nitrogen is 5 and 15 minutes.  

To test the effect of thawing time, the samples were removed and allowed to thaw for 1h, 
whereas some samples were also exposed on a laboratory bench or placed in a sealed plastic 
humidified with moist paper and compared to the samples immediately after freezing. 
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Obtained results were recorded in the laboratory note book and data processing was done 
using Microsoft excel software. 

 

3. Results 

3.1 Photosynthesis 
There were significant differences in net photosynthesis among the measured varieties (Figure 
2; P ˂ 0.001). Variety 5 was 39.5% higher in net photosynthesis value than variety 2 which 
had lowest value of the net photosynthesis and net photosynthesis was also lowest in 1 and 2 
both from low precipitation locations.  

 

Figure 2: Net photosynthesis of Rwandan varieties. Error bars indicate standard error of the 

mean. 

There was an indication that net photosynthesis was higher in varieties from high precipitation 
regions with a P-value of 0.06 for a relationship between net photosynthesis of the Rwanda 
varieties and precipitation in their respective area of origin. 
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Figure 3: Showing the comparison between net photosynthesis and annual precipitation of 

the origin of varieties. 

 

3.2 Conductance 
There were significant differences in stomatal conductance among the measured varieties 
(Figure 4; P ˂ 0.001). Variety 10 was also 206% higher in the conductance value than variety 
2 which had overall lowest conductance value and generally conductance was also lowest in 1 
and 2 both from low precipitation locations whilst being high in variety 10 from high 
precipitation region. 

 

Figure 4: Stomatal conductance of Rwandan varieties. Error bars indicate standard error of 

the mean. 
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There was an indication that stomatal conductance was higher in varieties from high 
precipitation regions with a P-value of 0.06 for a relationship between stomatal conductance 
of the Rwanda varieties and precipitation in their respective area of origin. 

. 

 

Figure 5: Showing the comparison between stomatal conductance and annual precipitation 

of the origin of varieties 
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There were significant differences in water use efficiency among the measured varieties 
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Figure 6: Water use efficiency of Rwandan varieties. Error bars indicate standard error of the 

mean. 

On comparing the water use efficiency of the respective Rwandan varieties with respect to 
precipitation showed that there was no indication for the relationship between the water use 
efficiency among the Rwandan varieties with the respective precipitation of origin. 

 

 

Figure 7: Showing the comparison between water use efficiency and annual precipitation of 

the origin of varieties 
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As shown in figure8, variety 7 was 99.8% higher in minimum conductance value when 
compared to variety 2 which had the overall lowest value of minimum conductance. 

 

Figure 8: minimum conductance of Rwandan varieties. Error bars indicate standard error of 

the mean. 

The results indicated no relationship between minimum conductance of the measured 
Rwandan varieties with their respective precipitation amounts from the areas of origin. 

 

Figure 9: Showing the comparison between minimum conductance and annual precipitation 

of the origin of varieties. 
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Figure 10: Osmolality of Rwandan varieties. Error bars indicate standard error of the mean. 

The results also indicated no relationship between the measured Rwandan varieties with 
respect to precipitation amounts from the areas of their origin. 

 

 

Figure 11: Showing the comparison between osmolality and annual precipitation of the 

origin of varieties  
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Figure 12: Nightitime conductance of Rwandan varieties. Error bars indicate standard error 

of the mean 

The results also indicated no relationship between measured Rwandan varieties with respect 
to the precipitation amounts from the areas of their origin. 

 

 

Figure 13: Showing the comparison between nightitime stomatal conductance and annual 

precipitation of the origin of varieties. 
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4.0 Discussion. 
From the obtained results in the previous page we can discuss them by answering the research 
questions as outlined below, 

4.1 Do Rwandan bean varieties with higher water use efficiency achieve this through 
increased photosynthesis, low stomatal conductance or combination of both?  
The results of varieties 8 and 11 supports the concept that a reduction in stomatal conductance 
can be compensated by relatively smaller increase in photosynthetic capacity as the 
photosynthetic rate is not directly proportional to stomatal conductance. 

This supports the concept of several scholars such as (Condon, Farquhar, Rebetzke, & 
Richards, 2004), (Lawson & Blatt, 2014), (Wong, Chen, Huang, & Weng, 2012) as the 
photosynthetic rate is not directly proportional to stomatal conductance, a reduction in 
stomatal conductance can be compensated by a relatively smaller increase in photosynthetic 
capacity. 

 For the case of variety number 2 the decrease in stomatal conductance was larger than the 
decrease in photosynthesis and suggesting the reason as to why the water use efficiency was 
higher. It is well adapted for drought conditions that it can survive in high temperatures. 

There are possibilities for existence of relationship between photosynthesis and stomatal 
conductance to the precipitation from the regions of origin of the varieties since both had P-
values of 0.06 which is quite close to the value of 0.05. 

Therefore, from this study one can note that breeding is possible to increase water use 
efficiency without compromising the yield (8 and 11) and to increase drought tolerance as 
reflected in the case of variety 2. 

4.2 Is there significant genetic variation in water use efficiency? And if so, is it linked to 
the precipitation in the region of origin?  
Results showed significant genetic variation in water use efficiency where varieties number 8 
and 11 had highest values of water use efficiency and variety number 10 having the minimum 
value in the water use efficiency.  

Varieties 8 and 11 had achieved higher water use efficiency through high photosynthesis rate 
with a decreased stomatal conductance making them perfect varieties to be selected for 
breeding so as to achieve high yield with less water use as suggested by (Condon, Farquhar, 
Rebetzke, & Richards, 2004).  

Results have also shown no possibilities of existence of the relationship between water use 
efficiency being linked to the precipitation in the regions of origin. 

4.3 Is there significant genetic variation in the water retention capacity/osmolality? And 
if so, is it linked to the precipitation in the region of origin?  
Results presented in the previous page have shown no significant differences in leaf 
osmolality. For example, variety 2 and 8 which had high value of water use efficiency have 
low minimum conductance and high osmolality values really showing that they have good 
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capacity for good water retention while variety 11 had fairly high osmolality value but a very 
high minimum conductance suggesting that it has no good water retention capacity value.  

There were few varieties (65) used during osmolality measurements that’s probably could be 
the reason for lack of significant differences however a new study with higher number of 
replicates is required to be done in order to correctly answer this research question. 

4.4 Implications  
Due to continuous increasing trends of surface air temperatures at a global level (Wetter, et 
al., 2014) and observed temperature increase regardless of the emission scenarios (Michael, et 
al., 2014) , this study can be used to provide platform to guide crop improvement under such 
climatic change conditions by capitalizing on improvement of crop water economy as 
discussed by various scholars (Roche, 2015), (Farquhar & Sharkey, 1982), (Büssis, von Groll, 
Fisahn, & Altmann, 2006), (Mackay, et al., 2015). 

 

5.0 Conclusion  
Conclusively, this study was able to show that there are significant differences in 
photosynthesis and stomatal regulation amongst Rwandan varieties that also bring about 
significant differences in their water use efficiency. 

 This suggests that the concept of water use efficiency is either a consequence of decreased 
stomatal conductance with maintained photosynthesis as in case of varieties 8 and 11 or of a 
larger decrease in stomatal conductance than in photosynthesis as shown in variety 2. 

Varieties 8 and 11 had high water use efficiency at a high photosynthesis while variety 2 had 
high water use efficiency because of larger reductions in stomatal conductance than in 
photosynthesis. Therefore, from this study 8 and 11 are the best candidates for high water use 
efficiency without yield losses whilst variety 2 is rather a more drought tolerant and a low 
yield variety.  

Furthermore, results have also yielded a positive correlation between the traits of 
photosynthesis and conductance measured on the Rwandan varieties with their respective 
precipitation from their areas of origin. 

 The results are promising to plant biologists studying water economy in beans, showing that 
the large variation in water use related traits may form a platform for future genetic breeding. 
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