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Abstract
Rice, Oryza sativa L. is the staple food of half of the world’s population, mostly in Asia. Therefore, it is essential to 
increase rice yield to meet the rising food demand by the year 2050. This target is further challenged by rising atmospheric 
temperature, rainfall extreme events and limited land availability. The designing of C4 rice along with greater efficiencies 
of water, nitrogen and radiation use, has been identified as one of the best pathways to increase yield potential. Increased 
leaf vein density is an essential prerequisite for C4 photosynthesis. It facilitates rapid exchange of C4 carbon intermediates 
and photo-assimilates and has been identified as a new trait for genetic engineering of C4 photosynthesis into C3 crops. 
We hypothesised that a large genetic variability in terms of vein density may exist in unexploited Sri Lankan origin rice 
landraces where vein density can be associated with crop yield potential. To test this hypothesis, 292 rice landraces were 
studied under field condition and vein density was measured at six to eight weeks using a handheld digital microscope. At 
maturity, agronomic traits such as crop biomass, grain yield, harvest index and chlorophyll content were measured. A large 
genetic variation in vein density (4.1-7.5 veins/mm) was observed among the screened landraces. A high vein density of 
7.5 veins/mm was recorded in landraces SL1, SL52, SL96, SL130 and SL143. The high vein density was positively correlated 
with the grain yield (r = 0.60; P = 0.0001) suggesting that the higher number of veins can be used in future breeding 
programs to boost the yield potential of rice. Further, identification of the presence of such high vein density candidates 
will lay the basis to genetically engineer C4 like rice to enhance crop yield and adapt to climate change.
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Introduction
Rice (Oryza sativa L.), is the staple food of more than 

half of the world’s population and 90% of the total rice 
grown is consumed in Asia [1]. Ray, et al. have shown 
that global crop production needs to be increased two-
fold by the year 2050 to meet the projected demand for 
rice from the growing population, diet shifts and in-
creased demand for biofuel [2]. It is quite challenging to 
enhance rice production with limited arable land avail-
ability and unpredictable climate change patterns. Yield 
projections under optimistic scenarios can only meet 
59% of the increased rice production required at a rate of 
1.4% per year [2]. However, under worst-case scenarios, 
with the usage of current rice production measures, it is 
predicted that global production could only increase by 

21% at the rate of 0.5% per year by 2050 [2]. Therefore, 
new approaches are required to enhance yield improve-
ment to address the rising food demands while better 
adapting to future climate change [3,4].
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Radiation Use Efficiency (RUE) of C3 crops need to 
be increased via integration of C4 like traits to C3 crops 
[3,5] which may also improve the Nitrogen Use Efficien-
cy (NUE) and Water Use Efficiency (WUE) [6]. One of 
the prerequisites for C4 biochemistry to function is rec-
ognized as Kranz anatomy together with high vein den-
sity [7-9]. In many C4 plants, veins are closely spaced at a 
1:1 ratio of Bundle Sheath Cells (BS) to Mesophyll Cells 
(M) in an arrangement of (Vein-BS-M-M-BS-Vein) and 
are typically separated by 60-150 µm interveinal distance 
[7,10-12]. In C3 plants interveinal distance is generally 
higher than 200 µm and are distantly located (Vein-BS-
M-M-M-M-M-M-M-M-BS-Vein) in C3 rice [7,10-13]. 
All C4 plants show reduced M: BS ratio which reduces 
the path length of photosynthesis and facilitates rapid in-
tercellular diffusion of metabolites [7,13]. These findings 
suggest that high vein density plays an important role in 
photo-assimilate transfer and subsequent plant growth. 
The International C4 Rice Consortium was established in 
2006 to develop C4 rice and estimated that 15 years of 
experiments will be required to establish a C4 pathway 
in C3 rice which is not possible to achieve through con-
ventional breeding [5]. Many approaches have been used 
to develop C4 rice aiming to increase the yield potential 
from the 1990s. The resultant C4 rice will also need to 
possess an efficient CO2 concentrating mechanism along 
with high WUE, NUE and RUE when compared to C3 
rice [14,15]. Despite concerted attempts, very limited 
progress has been made in improving photosynthesis 
through the engineering of a C4 biochemical pathway 
in rice. Failure to find high vein density candidates in 
screened landraces led scientists to attempt mutation 
breeding to induce variations in vein density and then 
use such mutants as candidates for C4 rice engineering 
[14].

Being a tropical country with a wide array of micro 
climatic conditions, Sri Lanka harbours over 3000 land-
races of rice including some traditional landraces well 
known for tolerance to prolonged drought, salinity and 
submergence [16]. However, no studies have been con-
ducted to investigate phenotypic variability in photosyn-
thesis related traits in this unique rice germplasm. In this 
study, we tested the hypothesis that alarge phenotypic 
variability in vein density remains within the Sri Lankan 
germplasm and this high vein density is associated with 
the yield potential of rice.

Materials and Methods
The field experiment was conducted at the Dodangol-

la Experimental Station (7° 33' 0" North, 80° 37' 0" East) 
Faculty of Agriculture, University of Peradeniya, Sri Lan-
ka and the seeds were obtained from the Plant Genetic 
Resource Centre (PGRC), Gannoruwa, Sri Lanka. The 

examined population comprised of 292 traditional rice 
landraces and each landrace was replicated three times 
whereby each replicate consisted of 16 rice plants (hills).

Measurements of vein density and other leaf traits
Vein density screening was carried out one and half 

to two months after planting. The widest part of the leaf 
surface of the fully expanded sunlit leaf was captured 
using a hand held microscope (Dino-Lite Digital Mi-
croscope AD7013MZT). An average of 10 leaves was 
measured per landrace. The number of veins in the cap-
tured imaged were counted off site. The number of veins 
in the widest part of the leaf was counted excluding the 
veins closer to the midrib and leaf margins. If a high vein 
density value of 7.5 veins/mm was recorded, and then 
a further vein density count was taken from the other 
side of the midrib. If two consistently high vein densi-
ties were recorded those plants were selected as potential 
candidates for further analysis. Other leaf traits such as 
leaf width were recorded using a digital Vernier calli-
per. Chlorophyll content was measured indirectly using 
a SPAD 502 Plus Chlorophyll meter. An average of 45 
readings from both the adaxial and abaxial leaf surfaces 
of five plants was taken during the late vegetative stage.

Measurements of yield components
The average number of tillers of five plants was count-

ed at the flowering stage. Number of panicles per plant, 
number of grains per panicle, number of filled grains and 
weight of 1000 filled grains were recorded. Filled grains 
of ten randomly selected panicles were separated using 
an aspirator and filled seeds were counted using a seed 
counter and empty seeds were counted manually. Three 
randomly selected plants were cut from the base of the 
shoot and dried in a forced air oven at 70 °C until con-
stant weight was reached. Harvest index was calculated 
by dividing grain yield by shoot dry weight.

Statistical analysis
The association between vein density and other mea-

sured parameters (grain yield, shoot dry weight, SPAD, 
number of tillers, leaf width, number of panicles, num-
ber of grains per panicle, 1000 grain weight and Harvest 
index) were statistically analysed using Pearson correla-
tion coefficients and analysis of variance test using SAS 
9.4 [17].

Results
Measurements of vein density

292 rice landraces were screened for phenotypic vari-
ation in vein density. A large variation in vein density 
ranging from 4.1-7.5 veins/mm (Figure 1 and Figure 2) 
was observed. Frequency distribution of vein densities in 
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screened landraces is shown in (Figure 2). Based on the 
analysis, the screened population was categorized into 3 
groups based on the number of veins; high (7.1 to 7.5 
veins/mm), intermediate (5.1 to 7 veins/mm) and low 
(< 5 veins/mm) as shown in (Figure 2). The high vein 
density category, (7.1-7.5 veins/mm) was considered as a 
potential group for further studies. Accession, SL1, SL52, 
SL96, SL130 and SL143 showed the highest vein densi-
ty of 7.5 veins/mm. However, these SL52, which had 7.5 
veins/mm on both sides of the midrib was considered 
to be a potential high vein density candidate for further 
studies.

The relationship between vein density and yield 
components

Grain yield and total dry mass were considered as 
indicator parameters of overall contribution of canopy 
photosynthesis at field level. The average yield of the 
screened population was around 28.4 g per plant (Figure 

3). Further, the relationship between vein density and 
yield was established (Figure 3), and the yield is consid-
ered as a surrogate for photosynthesis. Results clearly 
demonstrated a positive correlation between grain yield 
and vein density (r = 0.60; P = 0.0001). The highest vein 
density candidate, SL52 had an average yield of 32.28 g 
of yield per plant (Figure 3). In this experiment, yield 
components of all accessions were measured including 
the number of panicles per hill, number of grains per 
panicle and 1000 grain weight. Most of the individuals in 
the population showed 15 to 20 panicles per plant (hill) 
and 80-100 grains per panicle (Figure 4) and 1000 grain 
weight of 22-26 g (Data not shown) in screened land-
races. However, the number of panicles and 1000 grain 
weight was not associated with vein density with r value 
of 0.06 and 0.17 respectively. High vein density candi-
dates showed lower panicle count ranging from 11.53 to 
15.07. However, SL1 and SL130 produced a high number 
of seeds per panicle of 122.7 and 100.2 respectively while 
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Figure 1: Variation in number of veins per mm of leaf width of some screened rice landraces of Sri Lanka 97 Digital microscopic 
images were captured using Dino-Lite Digital Microscope AD7013MZT.
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Figure 2: Frequency distribution of vein densities in screened rice landraces. Values above bar chart denote the 105 number 
of individuals in each category.
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most of the other candidates produced average number 
of 78.7 seeds per panicle. Interestingly, the lowest vein 
density candidate produced a lower number of seeds of 
64.6 seeds/panicle. However, SL52 produced an average 
of 74.3 seeds per panicle. It was observed that some of 
the high vein density candidates produced dense pani-
cles with a high number of seeds and also produced less 
number of empty grains. There was no positive correla-
tion between vein density and number of seeds per pani-
cle as shown in (Figure 4) (r = -0.023; P = 0.68). High vein 

density candidates of SL1, SL52, SL96, SL130 and SL143 
produced an average of 15.3, 17.2, 17.6, 16.9 and 15.7 til-
lers respectively. However, no correlation between tiller 
count and vein density was observed. (Figure 5). Most of 
the accessions showed a lower harvest index; conversely, 
some landraces showed an extremely high harvest index 
of 0.6 to 0.67 (Figure 6). However, no strong relationship 
was found between high vein density and harvest index 
(r = 0.15; P = 0.006) in the screened population (Figure 
6). Harvest index of high vein density candidates was low 
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Figure 3: The relationship between vein density and average grain yield (g/plant) in the screened population.
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the (Figure 7). Most of the individuals in the populations 
had high SPAD values. The average SPAD reading of the 
population was 43.1 (Figure 7). However, SPAD value 
was not associated with leaf vein density (r = 0.11, P = 
0.05). The whole population was screened for leaf width 
and a negative correlation was observed between leaf 
width and vein density as shown in the (Figure 8). The 
results demonstrate that high vein density trait is associ-
ated with narrow leaf trait in the screened population (r 

and ranged from 0.26 to 0.37. This could partially be due 
to the fact that most of them were tall plants with a larger 
canopy and produced high shoot dry mass.

Relationship between vein density and SPAD mea-
surements

Leaf Nitrogen (Leaf N) status was assesed using a 
SPAD meter and the relationship between vein density 
and mean SPAD readings in the population is shown in 
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= -0.62; P = 0.0001) (Figure 8). Though narrow leaf width 
was found to be correlated with high vein density, some 
of the high vein density candidates showed average leaf 
width. The selected candidates SL52 and SL130 showed 
an average leaf width of 1.12 cm and 1.10 respectively, 
whereas SL1, SL96 and SL143 showed narrow leaf widths 
of 0.91, 0.94 and 0.92 respectively. Similar observations 
were found in other vein categories as well.

Discussion
In general, rice is known to have a vein density of 5 

veins/mm [18]. Interestingly, out of the 292 landraces 

used, 263 showed a vein density above 5 veins/mm. Not 
only that, 12 landraces showed a vein density above 7 
veins/mm. This clearly indicates that landraces of trop-
ical origin have a higher number of veins per leaf width. 
This could be an adaptation to maintain high water use 
efficiency under hot climatic condition to reduce tran-
spiration and maintain higher rates of photosynthesis. 
C4 plants have evolved under arid and hot environments 
as an adaptation to balance photosynthesis by becoming 
radiation; water and nitrogen use efficiently [19-22]. En-
hanced vein density is known to be an essential pre-req-
uisite for the establishment of Kranz anatomy [7-9]. Pre-
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viously, eight mutant rice lines with significantly high 
leaf vein densities, 7.5 veins/mm have been identified by 
Feldman, et al. to be used as genetic stock for the devel-
opment of C4 rice by the Global C4 Rice Consortium [9]. 
Therefore, any plant that had a vein density of 7.5 veins/
mm on both sides of the midrib was considered to be a 
potential high vein density candidate in this study. Out 
of the 5 identified high vein density candidates, only SL 
52 was found to be a potential candidate for further stud-
ies on anatomical, biochemical and genetic regulations 
of vein density.

Rice, in Sri Lanka, is known to have evolved over 1000 
years through selection by farmers for their enhanced 
yield. The potential candidate, SL52 is well known among 
locals for its higher shoot production. The grain yield 
and total dry mass were considered an overall photosyn-
thetic contribution at field level in this study because the 
developmental differences of leaf blades could offset pos-
itive changes in photosynthesis rates. Our results clearly 
demonstrates a positive correlation between grain yield 
and vein density (r = 0.60). We, for the first time, have 
demonstrated that vein density is a good indicator of rice 
yield improvement [23]. Padmaja, et al. and Karthikey-
an, et al. have demarcated that the yield and yield com-
ponents of rice such as the number of grains per panicle 
and 1000 seed weight have higher and broad sense her-
itability [24-25]. Therefore, this correlation can be a ge-
notypic regulation rather than a phenotypic observation. 
Therefore, the heritability of yield and the environmental 
regulations of vein density should be re-tested to estab-
lish the relationship between vein density and plant yield 
in rice.

Most of the leaf N is invested in key photosynthe-
sis-related proteins; among them, an average of 25% of 
leaf N is invested in Ribulose-1,5-Bisphosphate Carbox-
ylase Oxygenase (RuBisCO) [26]. In rice, 20-30% of the 
total leaf nitrogen is invested in RuBisCO [26,27]. In C4 
crops, strategically less N is invested in the photosynthet-
ic machinery as compared to their C3 counterparts. Leaf 
SPAD measurements correlate well with leaf Nitrogen 
(N) and photosynthetic rates but the relationship sub-
stantially varies between plant species [26]. Since the re-
sultant C4 rice is expected to show nitrogen use efficiency 
of 30% [28], SPAD and its correlation to high vein density 
was analysed. In this study, SPAD value was not correlat-
ed with leaf vein density. Bellasio and Lundgren report-
ed less vein pigmentation in rice [29]. The lower SPAD 
reading could be a result of low amounts of chlorophyll 
pigments in the leaves as a result of the higher number 
of veins. Unpigmented BS have been identified as one 
of the key factors that maximise light penetration and 
therefore photosynthesis, by enhancing the availability 
of ATP through photophosporylation in C4 plants [29]. 

Lower SPAD readings may be a good indicator of effi-
cient radiation use efficiency of the identified candidates. 
Bellasio & Griffiths showed that small BS size in rice re-
strict the regeneration of RuBisCO when compared to 
bigger BS in C4 plants [30]. There could be efficient light 
penetration due to less pigmentation and the inefficien-
cy of RuBisCO regeneration could limit photosynthesis 
in the resultant C4 rice. Increasing BS to M ratio by de-
creasing the size and number of M, decreased leaf thick-
ness, bigger size of BS or increased number of veins have 
been identified as primary requirements to establish C4 
photosynthesis in C3 rice [31]. Smillie, et al. has shown 
that interveinal space is determined by the size of M 
rather than the number of M whereas, Chatterjee, et al. 
observed plants with lower interveinal spacing had less 
number of M [8,18]. Therefore, high vein density/lower 
interveinal spacing can be a result of deceased M cell size 
or number. Therefore, the presence of a high number of 
veins may offset the limitations imposed by BS cell size 
for RuBisCO regeneration and may possess the poten-
tial to compensate for the reduced rate of photosynthesis 
through enhanced transporation and diffusion of assim-
ilates. Mc Kown & Dengler demonstrated that a reduced 
M: BS ratio is required to facilitate efficient photosyn-
thesis by reducing the path length and rapid intercellular 
diffusion of C4 metabolites [7,13]. A detailed anatomical 
study of the identified candidates from this study is es-
sential to underpin the causes of these observed pheno-
typic variations and its association with the measured 
morphological traits.

Leaf morphology plays an important role in deter-
mining leaf photosynthetic rates. This can be seen in 
both leaf surface area and resistance to gas exchange 
measurements [8]. It is possible that increases in grain 
yield and shoot biomass in high vein density candidates 
could be associated with improved N, water and metabo-
lite transfer efficiency. Our results demonstrate that high 
vein density is associated with narrow leaf width in the 
screened population with r value of -0.62. It has been re-
ported that narrow leaf blades show a higher likelihood 
of increased vein density [8-9]. Our results also showed 
that screening for narrow leaf trait showed potential 
to be used as one of the primary traits for large-scale 
screening to reduce the time required for screening. As 
shown in (Figure 6), some high vein density candidates 
showed wider leaf width while low vein density candi-
dates showed narrow leaf width. A similar relationship 
between interveinal spacing/high vein density and leaf 
width was reported elsewhere [18]. This variation could 
be caused due to an increase in leaf width and the plant 
may require more veins per unit area to maintain effi-
cient transfer of metabolites. On the other hand, some 
plants may have the ability to adapt and maintain a high 
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rate of metabolite transfer by adjusting the size or num-
ber of the mesophyll cells between veins and this could 
cause variations in vein density. Smillie, et al. have found 
that interveinal spacing is determined by cell expansion 
rather than cell division whereas Chatterjee, et al. ob-
served plants with lower interveinal spacing had lower 
number of MC [8,18]. It is likely that a close relation-
ship exists between mesophyll cell size, number and vein 
density, and this trait could be used as a screening tool 
to increase crop productivity in the future. The authors 
will carry out a detailed anatomical study of the select-
ed landraces to find the underpinning causes of the ob-
served variations.

Though the yield and leaf width showed positive cor-
relation with vein density, these traits are mainly gov-
erned by genotype and environmental factors, especial-
ly light and temperature which are known to influence 
variations in the above measured traits. Therefore, the 
environmental effect on the above traits will be sepa-
rately addressed in subsequent experiments. Since Kranz 
anatomy together with high vein density have been iden-
tified as essential prerequisites for the establishment of 
C4 biochemistry, identification of such high vein densi-
ty candidates will be a major contribution towards the 
improvement of photosynthesis in rice. This will pave 
the foundation for the manipulation of photosynthesis 
through conventional breeding approaches since the re-
designed C3 rice will have the potential to increase pho-
tosynthesis under elevated CO2 levels rather than C4 rice 
due to suppressed rates of photorespiration. Studying the 
under pining causes of genetic regulation will faciliate 
the production of C4 rice through transgenic approach, 
mutational breeding or genome editing using molecular 
tools.

Conclusion
Oryza sativa landraces of tropical origin have evolved 

under a wide range of microclimatic conditions as an 
adaptation to balance photosynthesis under hot envi-
ronmental conditions by increasing vein density which 
positively correlated with crop yield. These findings sug-
gest that crop yield can be improved by incorporating 
vein density traits into current plant breeding programs. 
The screening of narrow leaf width can be used as a basic 
parameter in the initial screening to select potential can-
didates for vein density. Further, if high vein density trait 
is associated with high photosynthesis rates and other 
biochemical parameters such as the higher activity of 
RuBisCO, it will pave the foundation for the next green 
revolution and open up avenues to breed high yielding 
rice cultivars with other desirable traits.
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