PHYSIOLOGICAL BASIS OF HETEROSIS

Dr. C. Vijayalakshmi and M. D. Janaguiraman

Dept. Physiology, TNAU, Coimbatore-641 003.

Introduction


The term heterosis was first used by Shull in 1914. Heterosis refers to the superiority of F1 hybrid in one or more characters over its parents. The term hybrid vigor is used as synonym for heterosis. Exploitation of hybrid vigor for genetic improvement of yield is often referred as heterosis breeding.


Generally, heterosis is manifested as an increase in vigor, size, growth rate, yield or some other characteristic. But in some cases, the hybrid may be inferior to the weaker parent. This is also regarded as heterosis.


The various factors which help in commercial exploitation of heterosis include 
(i) enough magnitude of heterosis, (ii) emanable flower biology for hybrid seed production, (iii) availability of male sterility and (iv) high natural outcrossing.


If the hybrid, is superior to the mid-parent, it is regarded as heterosis (average heterosis). However, in practical sense, the superiority of F1 over mid-parent is of no use since it does not offer the hybrid any advantage over the better parent. Therefore, average heterosis is of little use. More generally, heterosis is estimated over the superior parent, such an estimate is referred as heterobeltiosis. However, the commercial usefulness of a hybrid would primarily depend on its performance in comparison to the best commercial variety of the concerned crop species. In many cases, the superior parent of the hybrid may be inferior to the best commercial variety. In such cases, it will be desirable to estimate heterosis in relation to the best commercial variety of the crop; such an estimate is known as economic or useful heterosis (Meredith and Bridge, 1972).
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Measurement of Heterosis

It can be measured in terms of two parameters, namely relative heterosis and heterobeltiosis.

(i) Heterosis over the mid-parental value (Relative heterosis)
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Where F1 and MP are the average performance of F1 and the mid parental values respectively.

(ii) Heterosis over the better parent (Heterobeltiosis)
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where BP is the average performance of the better parent.

Types of heterosis

Depending upon the nature of the origin, adaptability, reproducibility and non-reproducibility, heterosis could be classified into two classes: (i) Euheterosis (True heterosis) and (ii) Pseudoheterosis (Luxuriance).

Physiological basis of heterosis

A chain of physiological reactions finally build-up the ultimate total harvestable products in crop plants. It is often viewed that the genes provide only the basic blueprints and determine the operative framework for the vital plant processes and systematically govern the physiological reaction. Heterotic hybrids usually have seen to have better initial embryo weight, seedling vigor and have greater capacity to synthesize growth promoting substances, utilize and assimilate more nutrients. These physiological aspects of the plants provide better physiological efficiency to the hybrids. Contribution of heterozygosis to better physiological activity has usually been reported at three stages of plant development viz., the embryo development, early seedling growth and in later growth of the hybrid.

Embryo development and Heterosis


The study conducted by Krishnasamy and Seshu (1989) indicated that rate of germination index is positively correlated with oxygen uptake, dehydrogenase activity and free amino acid content and showed no correlation with seed density and imbibitional rate and also negatively correlated with 100 seed weight. Because oxygen uptake and dehydrogenase activity are related to respiration, they may influence the germination capacity in two ways: (i) respiratory activity provides energy to the germinating embryo and (ii) respiratory activity reflects both the integrity and overall capacity of the metabolic machinery (Woodstock, 1973). Free amino acids form the initial source for polysome formation and protein synthesis is essential for the radical growth and protrusion.

Correlation of rate of biochemical and physiological parameters of seeds in rice cultivars


Range
Mean
SD
Correlation 
co-efficient

Oxygen uptake (n mol O2/h/seed)
14.0 – 27.0
19.0
3.4
0.503 **

Dehydrogenase activity (OD)
0.04 – 0.18
0.09
0.03
0.423 **

Free amino acid content (g/kg seed)
0.51 – 0.72
0.586
0.0562
0.820 **

Water soluble sugars (g/kg seed)
   45.0 – 58.0
50.9
39.2
-0.326 NS


Krishnasamy and Seshu (1990) reported that cultivars with high alpha-amylase activity showed higher germination rate and faster seedling growth at the early stage. Alpha-amylase isozyme pattern revealed a high mobility band on the third day after germination in cultivars with higher germination rate, and on the fourth or fifth day after germination in those with slow germination rate.

Impact of seed vigor on crop performance

Although vigor is considered as a seed or seedling characteristic, the significance of the phenomenon is that vigor can persist throughout the life cycle of the plant and be expressed in crop yield. The competitive interaction between plants is one of the major aspects of vigor. Seed or seedling vigor can produce major differences in stand density and these differences by themselves can produce yield differences (Austin, 1963). However, vigor differences are not always seen through to yield because of the capacity of individual plants in a reduced stand in some situations to compensate and produce yields little different from a more dense crop. The effect of vigor on productivity of individual plants by greenhouse planting and vigor classification followed by replanting to standard spacing in the field (Austin, 1963).

Association of some seed vigor parameters with field emergence in rice

Vigor parameters
R
Y = a + bx

Standard germination
0.89**
14.88 + 0.77 X

Rate of germination
0.83*
-12.90 + 1.03 X

Vigor index
0.93**
-10.22 + 0.91 X

Root length
0.80**
54.55 + 0.37 X

Shoot length
0.54*
14.29 + 0.41 X

Seedling dry weight
0.63**
18.64 + 0.17 X

Germination after accelerated ageing
0.92**
-4.59 + 1.00 X

E.C. of seed leachate
-0.07 NS
27.03 + 0.20 X

Dehydrogenase activity (TZ test)
0.73**
0.025 + 0.0005 X

Growth habit

Height


In cotton, plant growth is of two types (i.e.) determinate and indeterminate. Varieties of the first type produce only one flush of flowers during crop season and have early maturity period. The second type of varieties produce two or three flushes of flowers and have generally medium or late maturity period. The hybrids which are currently under cultivation are the outcome of indeterminate growth habit involving either late x late or late x medium maturing parents. More productive hybrids are expected from the crosses of parental lines having the same flowering season but different boll setting periods. Plant height also played an important role in heterosis (Davis, 1974).

Mean performance of parents and their hybrids for plant height (cm) in cotton 

Parents
MCU 12
Paiyur 1
SVPR 2
Anjali
Suvin
Maruthi
MCU 5

MCU 12
81.53
82.39
90.11
83.57
82.60
83.83
80.03

Paiyur 1
80.65
89.46
82.51
82.42
108.58
80.83
91.53

SVPR 2
92.69
97.19
91.27
85.45
104.79
90.74
98.23

Anjali
81.48
94.05
102.49
84.15
109.67
78.76
96.51

Suvin
109.01
116.24
136.75
89.62
111.24
147.21
150.77

Maruthi
80.33
85.11
89.87
89.35
112.62
83.11
99.87

MCU 5
90.29
84.92
87.31
90.17
119.70
83.28
94.64

Growth parameters


Some morphological characters are good indicators of heterosis. In corn, Virmani et al. (1982) reported that inbreds selected on the basis of characters associated with typical dent and flint types resulted in heterotic hybrids.

Inbred indices based on seven characters for three inbred lines in maize

Inbreds
Kernel row 
No.
Kernel length (mm)
Denting
Husk leaves
Tassel branches
Spikelet length
Chromo-somal knobs
Inbred index

Hy
9
14
4
14
5
6
12
64

Oh 40b
2
8
4
1
4
1
3
23

My 1
14
11
14
14
14
6
9
82

Index differences of the inbred combinations

Inbreds
Inbred indices
Index differences

Hy
64
41
18

Oh 40b
23
59


My 1
82




They selected a number of inbred combinations in descending order of the index difference and produced their F1s. The index differences between two parents and actual yield of the F1 crosses were positively correlated.

a) Leaf area development

Achieving greater leaf area leads to increased production of dry matter and grain yield in rice (Yoshida, 1972). High heterosis in LA was noticed in many rice hybrids, which leads to vigorous growth rate (Tu et al., 1993).

b) Net assimilation rate

High heterosis was observed in crop growth rate, but little heterosis in NAR after transplanting (Blanco et al., 1986). This indicates that heterosis in leaf area development during seedling stage would be the key to vigorous growth after transplanting.

NAR (g/dm2/week)
3-5 WAT
7 – 9 WAT

IR 747-B
0.66
0.45

IR 50
0.66
0.38

IR 747-B / IR 50
0.77
0.46


These results of Blanco et al. (1986) indicate that vigorous growth of F1 hybrids at the early vegetative stage was due to their high ability for leaf area development.

Photosynthesis

Photosynthetic activity was the most fundamental physiological reactions for plant growth. At the earlier vegetative stage of F1 hybrids, higher heterosis in photosynthetic activity was reported, but not at the late vegetative stage (Yamauchi and Yoshida, 1985) in rice and also in maize (Akita et al., 1986). Higher heterosis for pn and chlorophyll content was also reported by Kim and Lee (1994), they also reported that high canopy photosynthesis is responsible for higher growth rate and yield of rice hybrids.

Photorespiration

Inspite of high pn in hybrid, they also possess 10 – 50% lower photorespiration rate than its parents. The difference is most obvious after booting. The correlation of glycolic acid oxidase activity to the low CO2 compensation point and the high pn rate was very well documented by Shanghai Plant Physiology Research Institute (1977). Because of these the hybrids are having low glycolic acid oxidase activity, high pn and a low unfilled spikelets, they are out yielding their parents.

Variety
Activity of glycolic acid oxidase at transplanting (%)
CO2 compensation point at heading (ppm)
Photosynthetic intensity at flowering (mg/dm2/hr)

Nan-You 3
62.2
76
15.6

IR 661
96.3
80
10.1

Er-jiu-Nan 1 A
79.0
88
11.2

Partitioning ability


Increase in the source activity and better partitioning of dry matter to spikelets thus increasing sink capacity will be more pronounced in rice hybrids during dry season (Ponnuthurai et al., 1984). The partitioning co-efficient of hybrids varied from 0.48 to 0.52 in dry season and 0.41 to 0.48 in wet season (Ponnuthurai et al., 1984). It is due to high spikelet per unit land area comparatively better grain filling, relative RNA content and total nitrogen.

Relative RNA content

Developmental stage
Relative RNA content


Nan-You 2
R line
B line
A line

5 days after germination
++++
+++
++
+

Active tillering
+++
++
++
+

Early panicle differentiation
++
++
+
-

Booting
+
+
-
-

Total Nitrogen (mg/g)

Stage
Nan You 2
IR 24

Seedling
15
9.6

Active tillering
4.4
3.2

Booting
3.4
3.4

Milky stage
3.1
2.9

Enzyme activity

The basic physiological activity during the growth is the formation of enzyme patterns, the translocation, transformation and utilization of stored food material in the seed and then in the building-up of the active protoplasmic base for further physiological activity. At this stage, the heterotic effect is generally apparent and visualised in the acceleration of growth rate and in bringing up a differential level of metabolism which ultimately results in the quantitative differences in size, vigor, growth etc.


Heterosis in vegetative growth or in yield can be considered as the result of an overall reaction of the plant development, which includes several stepwise reaction catalysed by certain enzyme systems. Any change in enzymes, qualitatively or quantitatively can affect the metabolism process and induce development changes in the plants. Thus, the cause of heterosis at molecular level may be closely related to change in the enzyme systems.

Catalase and Peroxidase activity

Accumulated H2O2 , which leads to a toxic effect in the cells of a plant may be removed by catalase. Peroxidase is a common oxidase. Catalase activity in hybrid rice from panicle differentiation to heading was higher than that in its male parent, which favours photosynthesis and transport of assimilates to panicles (Hunan Agricultural College, 1977)

Catalase activity in mg/g/hr

Variety
Early panicle differentiation
Booting
Heading
Milky ripe

Ai-You 3
0.428
0.530
0.502
0.480

IR 661
0.285
0.420
0.431
0.554


Isozymes exhibit a large amount of variation in rice. Electrophoretically identifiable isozymes have often been utilized for the classification of varieties within Oryza sativa (Virmani et al., 1982 for acid phosphatase, peroxidase and esterase allele).


The relationship between isozyme polymorphism and heterosis was studied by Schewartz (1969), they reported that occurrence of qualitatively different esterase in developing seeds and seedlings. Three allelic genes were identified. Each allele specified a single esterase band characterized by a specific migration rate. Crosses made from homozygous plants gave heterozygotes that exhibited both parental esterase bands and a new “hybrid” band. The hybrid band migrated on the starch get at a rate intermediate between those of the two parental bands. It was postulated that the formation of the hybrid isozyme would be more active in metabolic transformation than the enzymes of the parental types, and it also would be a possible factor causing hybrid vigor.

Mitochondrial and chloroplast complementation


The enhanced oxidative phosphorylation efficiency of artificially mixed mitochondria of certain inbreds was designated as mitochondrial complementation and was found correlated with seedling heterosis in maize (Sarkissian and Srivastava, 1967). The chloroplast complementation to describe chloroplast heterosis (i.e.) higher photosynthetic activity in a 1:1 mixture of isolated chloroplasts as compared to mid-parental values. A correlation between mitochondrial complementation heterosis and grain yield has been interpreted to indicate that mitochondrial activity is rate limiting for yield and enhanced mitochondrial efficiency, the biochemical basis of heterosis. The mitochondrial ATP : O2 ratios in wheat seedlings are well correlated to seed metabolism, which in turn determined metabolic activity of the plant during formation and maturation of the seed.

Nitrate reductase enzyme activity and heterosis


This is the key enzyme involved in nitrogen assimilation, involved in conversion of nitrate into ammonia. This inturn utilised for build up of protein. Therefore, nitrate must be effectively reduced prior to its elaboration into amino acids. The reduction sequence is initiated by this enzyme. Hageman et al. (1967) found that nitrate reductase activity in maize at the time of pollination and end of the season, they found that hybrid HY 2 x Oh 7 contained more protein and less unreduced nitrate than the parents of the hybrid WF9 x C 103. This is due to increased nitrate reductase enzyme activity, increased protein content. This indicated that though NR may be a very important factor in nitrogen metabolism but that is not all needed for the ultimate agronomic or the yield heterosis. The overall heterosis could be obtained by the sum total of all the complex metabolic and physiological function of the enzymes present in the maize plant taken together.

Stress tolerance


The major advantage of F1 hybrids is better performance in adverse environments. The hybrids showed good tolerance to salinity and drought stress and produced higher yields. The rice hybrids had superior tolerance to low solar radiation (Virmani et al., 1982), ratooning ability and deep water tolerance (Chauhan et al., 1983).

Yield and yield attributes


In the tropics, rice physiologists have indicated physiological yield potential of rice in wet and dry seasons to be 2.2 and 3.5 t/ha higher than the experimental yields obtained so far. It is achieved by exploitation of heterosis in F1 rice hybrids. An experiment conducted in Fujian, China reveals F1 yields about 20 per cent more than inbred rice.

Yield comparison of hybrid and conventional rice varieties in Fujian, China

Year
Season
Hybrid rice average yield (t/ha)
Conventional rice average yield (t/ha)
Yield advantage of hybrid rice (%)

1983
Early
7.77
6.27
23.9

1984
Early
7.55
5.80
30.2


Late
6.60
5.49
20.2

1985
Early
7.29
5.74
26.8


Late
6.93
5.49
26.2

1986
Early
6.80
5.51
23.4

Total

6.91
5.63
22.7


The increased yield of hybrid was attributable to increased DMP coupled with enhanced HI. This increased HI is due to increase in panicle number, higher proportion of filled grains and increased 1000 – grain weight.

Yield and yield components of a heterotic rice hybrid and the highest yielding inbred (Akita) 

Variety
Growth duration (days)
Yield (g/m2) (14% M)
Spikelet number (103/m2)
Filled grain (%)
1000 grain wt (g)
HI

IR 46830 A/ 

IR 9761-19-IR
98
1320
64
85
21.5
0.49

IR 58 (check)
100
970
57.6
76
19.4
0.39

IR 29723 (check)
119
1060
67.5
73
20.7
0.44


The same increased yield was also observed in sunflower also.

Cultivars
Yield/pt (g)

CMS F
26.09

CMS PF
36.07

RLC 204
33.09

RLC 201
27.53

CMS F x RLC 204
41.99

CMS PF x RLC 201
47.83

Conclusion


Vigor in initial growth is considered the principal trigger for heterosis in F1 hybrids, followed by high seedling growth rate. Vigor in initial growth brings higher CGR in vegetative stage. On the other hand, the yield increase involve the combination of high CGR in initial growth and less deterioration in canopy structure and partitioning of photosynthates to grain, which results in high yield. Another physiological advantage of F1 hybrids is better performance in adverse environments.


The accumulation of high N content, high ( amylase activity, low peroxidase and catalase and high RNA content make the hybrid to perform better over their parents.


Presence of high pn rate and low photorespiration in C3 hybrids leads to accumulation of more photosynthates to the developing grain, it is effected by better partitioning ability.
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