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ABSTRACT 

Alfalfa (Medicago sativa L.) forage yield may be reduced by moderate levels 

of salinity. Increasing forage yield In saline environments through plant breeding 

could ameliorate this problem. Selection for increased salt tolerance in alfalfa in 

cell culture, at germination, or during seedling growth with high NaCllevels has not 

resulted in agronomically relevant levels of salt tolerance. Different selection 

schemes were examined to identify alfalfa plants with the ability to germinate, 

establish, and regrow at salinity levels common in agricultural areas. Data from 

'Sonora' and its parental ecotype African grown in a greenhouse and irrigated 

with 0, 30, 60, or 80 mM NaCI were used to simulate selection for increased forage 

yield in each NaCI environment through five harvests. Predicted gains in forage 

yield were highest in non-saline conditions and gains decreased as the NaCllevel 

increased in the selection environment. Selection based on plant yield from 

regrowth harvests was predicted to be more efficient than that based on seedling 

harvest. Experimental populations were developed at each salt level and evaluated 

for forage yield at 0, 30, 60, and 80 mM NaCI. Gains in forage yield were observed 

when the selection and evaluation environments were the same except in Sonora 

selected at 80 mM NaCI. Selection at 0 mM NaCI did not increase forage yield at 

80 mM NaCI; selection at 30 mM NaCI increased yield at all NaCllevels; selection 

at 60 mM Nael resulted in highest mean gains in yield across all environments. At 

80 mM NaCI, selection at 0 NaCI but not at 80 mM NaCI increased forage cr 

content; selection at either 0 or 80 mM NaCI did not affect forage Na + content; and 

selection at 80 mM NaCI decreased forage K + content. 

Genetic and phenotypic relationships between plant performance at seed 
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germination, seedling development, and post-harvest regrowth at 0 or 80 mM NaCI 

were also determined. Radicle length was not highly correlated with seedling or 

regrowth forage yield. Correlations between seedling and regrowth yields were 

also low. Heritability estimates were higher at 0 Nael in the control population for 

all growth stages but were greater in the selected population at 80 mM Nael. 

Genetic correlations between seedling and regrowth yields were all positive. 

The effect of NaCI on forage yield of alfalfa regenerated from non-saline 

callus cultures was examined. Plants of Regen-S, which was selected for improved 

callus growth and regeneration in non-saline cultures, had enhanced forage yield 

in agar at Nael levels up to 100 mM compared to its parental cultivars, Saranac 

and DuPuits. Five regenerants, each derived from non-saline callus cultures of 

different alfalfa plants, were also evaluated under saline and non-saline conditions. 

Stem cuttings and self progenies from four of five regenerants produced more 

forage than the original plants at 50 and 100 mM Nael when expressed as a 

percent of 0 NaCI treatment indicating increased Nael tolerance. 

This research showed that selection for increased forage yield can be made 

at moderate Nael levels in germplasm with ample variation for yield when grown 

in saline environments. Selection for increased forage yield in non-saline 

conditions may eliminate potentially salt tolerant plants from a population. 

Selection for increased alfalfa forage yield in saline environments at early stages 

of development is not necessarily optimum. Selection methods that include each 

critical growth stage may be required to develop alfalfa cultivars with increased 

forage yield in saline environments. 

--- ---------------- --
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Salinity may severely limit alfalfa (Madlcago sativa L.) forage yield in many 

growing regions throughout the world (Burns et al., 1990; McKe" et aI., 1986). 

Reductions in yield and stand life have become severe enough to cause cropland 

to be abandoned in some highly saline areas. Improving field salt tolerance in 

many crop plants through plant breeding has progressed slowly over the past 

several decades (Blum, 1988; Shannon, 1985). This may be due to the fact that 

little research has been directed to studies that attempt to define the environment 

in which maximum selection response under salt stress may occur. 

Saline environmental conditions may be required to identify genotypes that 

are salt tolerant, however, unfavorable environmental conditions may severely limit 

response to selection (Rosie"e and Hamblin, 1981). Unusually favorable 

environments may also reduce selection response to a moderate extent (Daday et 

al.,1973). In addition, salinity may affect plants differently at distinct developmental 

stages (Jones, 1987). Improved selection methodology is needed in order to 

identify plants with the ability to germinate, establish, and regrow after harvest 

under salinity levels similar to those encountered in typical hayfields. 

Rationale and Significance 

During 1988, alfalfa was grown on 16.1 % of the total crop acres harvested 

in Arizona (Arizona Agricultural Statistics Service, 1989). Alfalfa acreage was 

second only to cotton (Gossyplum hlrsutum L. and G. barbadense L.) in the state. 

However, the quality of land and water used to produce alfalfa may be limiting its 

production. Yield response curves indicate that most crops tolerate salinity up to 
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a threshold level above which yields decrease as salinity increases (Maas, 1986). 

A survey completed in 1984 (Doerge, 1985) showed that 29.4% of Arizona's 

agricultural soil had salinity levels greater than 2 dS mot (a 22 mM NaCI; See 

Appendix A for conversion factors), the salinity threshold level for alfalfa forage 

yield (Maas and Hoffman, 1977). Only 5.8% of the state's surface soils surveyed 

were found to have salinity levels greater than 8 dS mol (s: 88 mM NaCI), a level 

found to decrease seedling alfalfa yield and emergence by 50% (Ayers and 

Hayward, 1948; Brown and Hayward, 1956; Maas, 1986; Maas and Hoffman, 

1977). The state average for surface soil salinity was 2.8 dS mot(s: 31 mM NaCI), 

which suggests that alfalfa yields may be decreased nearly 7% on average by 

salinity (Maas, 1986; Maas and Hoffman, 1977). In 1988, Maricopa, La Paz, Yuma, 

and Pinal counties produced 9~A, of Arizona's alfalfa (Table 1). Salinity estimates 

in these counties indicate that 26 to 46% of the sites sampled were at or above 

alfalfa's salinity threshold for yield, 2 ds mot(s: 22 mM NaCI). In addition, irrigation 

water quality, including both ground and surface water, is important to crop 

production in arid environments. Salt concentrations in ground water vary widely 

with location and depth (Atkinson et al., 1986) and in surface water with season 

(Shainberg and Oster, 1978). In Arizona, ground water estimates range from 92 

mg L-t to 5033 mg L-t total dissolved salts (White and Garrett, 1982), while surface 

water in the Colorado, Salt, and Gila Rivers contain approximately 890, 1070, and 

1955 mg Lo1
, respectively (Shainberg and Oster, 1978). 

As urbanization continues in the Southwest, changes in how we view and 

proceed in agriculture are inevitable. Allocation and utilization of land and water 

resources are probably deemed the most important considerations with which 

-- -- -----------



14 

Table 1. 1988 Arizona alfalfa hay acreage, yield, production, and surface 
soil salinity by county~ 

Surface soli salinity (dS m-1)c 
Percent of 

Land areab Arizona 
>2d >8c >16 f County Yield Production production Mean No. 

-ha- Mg ha-1 -Mg- " % 

Maricopa 18,630.0 1S.1 341,032.0 31.9 2.6 26.4 5.4 2.0 1169 

La paz· 
Yuma' 

27,945.0 20.1 562,521.4 52.8 5.0 46.5 13.6 5.9 404 

Pinal 4,698.0 17.7 82,990.5 7.8 2.4 30.0 3.6 1.2 932 

Cochise 2,794.5 12.8 35,826.5 3.4 2.5 24.8 5.5 2.0 934 

Graham 1,782.0 13.0 23,309.9 2.2 3.9 63.7 6.7 2.4 372 

Mohave 1,620.0 8.5 13,Sn.1 1.3 1.6 16.0 4.0 0 75 

Apache 1,458.0 9.6 14,058.5 1.3 0.8 S.1 0 0 37 

Navajo 1,255.5 8.5 10,793.3 1.0 2.2 21.1 5.6 2.6 232 

Yavapai 1,174.5 8.5 9,9n.O 0.9 2.7 23.7 7.9 5.3 38 

Pima 607.5 15.0 9,070.0 0.8 2.4 20.3 5.4 2.3 sn 

Santa Cruz 243.0 13.9 3,355.9 0.3 3.6 19.8 12.8 4.7 86 

Greenlee 202.2 14.8 2,993.1 0.3 3.4 20.7 10.3 3.4 29 

Coconino * * * * 2.6 20.0 11.1 2.2 45 

Gila * • • • 0.9 5.7 0 0 35 

Arizona 82,7n.5 17.0 1,068,446.0 2.8 29.4 5.8 2.3 5906 

a Reference: Arizona ~rlcultural Statistics Service (1989). 

bOoes not Include green chop or grazed. 

cSurface soil salinity estimatea taken from Ooerge (1985) (See Appendix A for salinity conversion factors). 

dApproxlmate salinity level that begins to reduce alfalfa growth (Maaa and Hoffman, 19n). 

cApproxlmate salinity level that decreases seedling alfalfa yield 50 % (Maaa and Hoffman, 19n). 

fApproxlmate salinity level that prohibita seedling alfalfa growth (Maas and Hoffman, 19n). 

gData combined for the two countlea. 

• kres harvested too small to warrant quantitative estimate or not published to avoid disclosure of one farm. 

---- ---------------- - - - -- ._--------
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agriculturalists in the western United States face today. Land and water resources 

raise many public concerns due to their competing uses. Thus, how we manage 

the supply, consumption, and quality of these resources has become very 

important. Technological advances in crop production, via various plant breeding 

strategies, may aid to develop low water use and salt productive plants. These 

advances will be especially important in arid and saline regions of the world. 

Effects of NaCI on Alfalfa at Different Growth Stages 

Many selection methods have been used to increase NaCI tolerance in 

alfalfa (Table 2). While indirect selection for field-relevant levels of salt tolerance 

in alfalfa have generally been unsuccessful, a simulated selection study by Smith 

et al. (1989) showed that agronomically relevant levels of salt tolerance may be 

obtained if all the developmental stages where expression of salt tolerance was 

desired were included in the selection criteria. 

Seed Germination. Initially, the response of alfalfa to salinity was studied by 

Stewart (1898) who found that no alfalfa seed germinated above 0.5% NaCI (= 86 

mM). More recently, Mohammad et al. (1989) studied the effect of NaCI on 

germination of 229 alfalfa populations from North Africa, Asia, the Middle East, and 

the United States and found that alfalfa germination percentages decreased when 

NaCI concentrations exceeded 220 mM and germination was inhibited in most 

populations at 352 mM. However, salt tolerance at germination decreases as 

seeds age (Smith and Dobrenz, 1987) and does not appear to be related to 

seedling growth (Allen, 1984) in populations selected only for germination salt 

tolerance. Two nondormant alfalfa germplasms with tolerance at high NaCllevels 

at germination have been released (Dobrenz et aI., 1983; 1989) . 

. _- --.-------------- ----- -- ----_._---
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Table 2. Usting of selection methods used to select for increased NaCI 
performance in alfalfa classified according to stage of 
development. 

Stage of 
development 

Seed 
germination 

Seedling 
development 

Post-harvest 
regrowth 

Ceil-tissue 
growth 

NaCllevel 

-2.45 MPa (11745 mM) 

300mM 

-3.00 MPa (11913 mM) 

250mM 

.a.8 MPa (-243 mM) 

250mM 

OmM 

102mM 

60mM 

0,30,60, or 80 mM 

171 mM 

62.5 mM 

86,171 mM 

OmM 

lGermplasm released as a result of selection. 

bGrown using saline solution without soli. 

cGrown using saline solution and vermiculite. 

Selection conditions and criteria 

Radicle length ~ 2 mm on blotter at 5 d 

" Radicle length ~ 10 mm on agar at 20 d 

Radicle length ~ 2 mm on blotter at 7 d 

Shoot length, one true leaf at 14 db 

Shoot length, no leaf bum at 42 d C 

Shoot length, 'l(, leaf damage at 75 d d 

Forage dry wt., N assimilation 

Forage fresh wt., three 28 d regrowths C 

Forage fresh wt., three 28 d regrowths ( 

Forage fresh wt., four 28 d regrowths r 

Callus fresh wt.; cotyledons 

Callus fresh wt.; hypocotyls 

Callus fresh wt.; Immature ovaries 

Regeneration; Immature ovaries 

dGrown using saline solution and river aand:vermk:ulite In a 1:3 ratio. 

Reference 

Allen et aI., 1985 

Carlson et aI., 1983 

Oobrenz et al., 
19831

; 19891 

Ashraf et aI., 
1986; 1987 

McKlmmle and 
Oobrenz, 1987 

Noble et aI., 1984 

Kapulnlk et aI., 
1989 

Smith et al., 1989 

Johnson et aI., 
199Oa 3 

Johnson et al., 
199Ob, 1990c 

Croughan et aI., 
1978 

Smith and 
McComb, 1983 

McCoy, 1987b 

Johnson and 
Smlth,1990 

cResults based on gains that were estimated assuming that gain was equivalent to the product of the selection 
differential, heritability (assumed to equal 0.25), and phenotypic variance. 

(Grown using saline solution and peat, perilte, sand, and potting mil( In a 2:3:3:4 ratio • 

.. -_. -- -_._-----------
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Seedling Development. Assadian and Miyamoto (1987) observed reduced 

emergence in alfalfa irrigated with water at 4.3 dS m-1
(. 47 mM NaCI). Emergence 

reduction from seeding depths of 3 mm was probably due to reduced germination 

since soluble salts in the top 5-mm of sand had increased to 20 dS m-1(s 219 mM 

NaCI) in only 4 d. For seeding depths of 10 mm or more, emergence appeared 

to be limited by hypocotyl salt injuries after germination. NaCI tolerance during 

seedling growth has been observed in improved populations of alfalfa (Ashraf et 

aI., 1987; Noble et aI., 1984). No alfalfa populations exhibiting salt tolerance during 

seedling growth have been released. 

Post-Harvest Regrowth. Maas and Hoffman (1977) reported that yield from alfalfa 

not selected for improved salt tolerance decreases 7.3% for each dS m -1(= 11 mM 

NaCI) increase above a 2.0 dS m -I (= 22 mM NaCI) threshold level. Alfalfa yield 

may decrease by 50% at 8.9 dS m·l (= 97 mM NaCI). Smith et al. (1989) suggested 

that direct selection for NaCI tolerance both at germination and during mature plant 

regrowth may be necessary to develop alfalfa populations with agronomically 

relevant levels of NaCI tolerance. 

In vitro Measures. Smith and McComb (1981) found that whole plant responses 

in alfalfa exposed to NaCI were very similar to those shown by callus cultures. 

However, McCoy (1987a) studied the effect of NaCI on several species of 

Madicago and found that all genotypes that exhibited NaCI tolerance in vitro were 

NaCI sensitive at the whole plant level. The only species exhibiting whole plant 

NaCI tolerance, M. marina, had the most NaCI sensitive genotypes at the In vitro 

level. Selection based on apparent NaCI tolerance of male gametophytes (pollen 

germination and pollen tube growth) was also not well correlated with whole plant 

--------_. -.-. 



growth (Smith et aI., 1989). 

Objectives 
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The objective of this research was to develop selection methods that will 

allow efficient improvement of salt tolerance in alfalfa during a" developmental 

stages using 'Sonora' and its parent ecotype African. Specifically, I proposed to 

determine: (1) a salinity level(s) that can be used to efficiently screen for salt 

tolerance during post-harvest regrowth, (2) selection criteria that accurately identify 

tolerant plants in order to obtain maximum selection response, and (3) 

relationships between salt tolerance at the three primary developmental stages in 

alfalfa (germination, seedling development, and post-harvest regrowth). 

These questions were investigated in alfalfa by selecting for stress 

productivity (sustained plant growth under adverse environmental conditions) at 

four salinity levels representative of those common in Arizona hayfields during 

germination, seedling establishment, and post-harvest regrowth. Findings from 

this research will aid in development of alfalfa varieties able to remain productive 

in the presence of low to moderate levels of salinity. 

~-.. -.------------. -.- .. 



CHAPTER 2 

SELECTION FOR INCREASED FORAGE YIELD 
IN ALFALFA AT DIFFERENT NACL LEVELS 

2·1 Introduction 
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Salinity now limits crop yields on nearly one-third of the worlds irrigated 

land, and salinization is increasing worldwide. In the United States, between 25 

and 35% of the irrigated cropland is now seriously affected by salinity (McKell et 

aI., 1986). Much of this land is in the traditional alfalfa growing regions of the 

western United States. Yield from alfalfa not selected for improved salt tolerance 

is decreased 7.3% for each dS m-l (= 11 mM NaCI) increase above a 2.0 dS m-l 

(= 22 mM NaCI) threshold level. Seedling alfalfa yield is decreased by 50% at 8.9 

dS m·l (= 97 mM NaCI) (Maas and Hoffman, 1977). 

Reclamation, drainage, and improved irrigation practices may reduce the 

severity and spread of salinization in many regions. But the costs of engineering 

and soil management to reduce salinity are often very high relative to the value of 

the crops grown. Plant breeding may be able to provide a relatively low cost, 

energy efficient, but short term solution to the salinity problem: cultivars bred to 

remain productive in the presence of low to moderate levels of salinity. However, 

breeding for improved salt tolerance in many crop plants, including alfalfa, has 

progressed slowly over the past several decades (Blum, 1988; Noble et aI., 1984). 

This may be due to the fact that little research has been directed to studies that 

attempt to define the type of environment in which maximum selection response 

for agronomically relevant levels of salt tolerance may occur. 

Selection for productivity under abiotic stress conditions may be inefficient 

--- -- ---------------- ----
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since environmental variability usually Increases as the level of abiotic stress 

increases (Blum, 1988; Daday et al., 1973; Hoffman and Shannon, 1986; Richards, 

1983; Rosielle and Hamblin, 1981). Most studies on abiotic stress tolerance, 

especially salinity, have been conducted at relatively high levels of stress where 

specific physiological or morphological adaptations to salinity stress are considered 

important (Cheeseman, 1988; Greenway and Munns, 1980; Sachs and Ho, 1986; 

Yeo, 1983). Among these adaptations are reduced respiration (Allen et aL, 1986), 

ion accumulation or exclusion (Ashraf et aL, 1986; Bar-Tsur and Rudich, 1987), 

metabolic heat output (Criddle et aL, 1989), changes in leaf type (Jefferies and 

Pitman, 1986), increased production offree proline (Murumkar and Chavan, 1986), 

reduction in photosynthetic carbon metabolism (Robertson and Wainwright, 1987; 

Seemann and Critchley, 1985), reduction in cell wall thickness (Nyman et aL, 1987); 

increased plastid number (Nyman et aL, 1987); stimulation of C4like activities in C3 

plants (Rajmane and Karadge, 1986), increased or decreased protein synthesis 

(Ramagopal, 1986; Sachs and Ho, 1986), hyperacetylation of histone cores 

(Waterborg et al., 1989), and new mRNA induction (Winicov et aL, 1989). 

Nevertheless, plants exposed to salinity levels common to many agricultural soils 

(Burns et aL, 1990; Doerge, 1985; McKell et al., 1986) may not be required to 

adapt physiologically and/or morphologically to remain productive, but rather, 

maintain normal physiological and developmental. processes (Ericson and Alfinito, 

1984; Danon, 1989; Singh et aL, 1985). 

The salinity level used to select salt tolerant genotypes may be important in 

identifying those plants that will remain productive at agronomically relevant salinity 

levels. Plants that are selected from a genetically variable population in high salt 

-" -_._-------------- .- •... 
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conditions may differ from those selected at low to moderate salinity levels. 

Selection at low to moderate salinity levels may result in improved performance at 

high salinities if factors other than those generally associated with survival continue 

to have a significant effect on growth (Jefferies and Pitman, 1986). Selection 

environments that can be used to efficiently identify salt tolerant plants have not 

been accurately defined for any plant species (Epstein, 1985; Richards, 1983; 

Shannon, 1979; Shannon, 1984). 

It is also especially difficult to define realistic static target environments 

because salinity in field situations has been shown to vary with depth, distance, 

season (Hajrasuliha et a!., 1980; Hoffman and Shannon, 1986; Malcolm, 1986; 

McKell et a!., 1986), irrigation method (Miyamoto and Cruz, 1987; Noble et aI., 

1987; Shalhevet et aI., 1986; Sinha et aI., 1986), and measurement method 

(Rhoades et aI., 1989). Richards (1983) argued that most of the yield from saline 

sites may come from the low or non-saline areas, therefore the selection 

environment without salt stress will be most efficient at improving yield of plants 

grown under salinity stress in the field. However, Atlin and Frey (1990), in a study 

comparing direct versus indirect selection in oat (Avena sativa L.) lines for grain 

yield in low, medium, and high-productivity environments, showed that the greatest 

yield gains in low-productivity environments may not necessarily result from 

selection in either high-productivity environments or in the environment where 

heritability is maximized. They suggest the optimum environment for selection 

must be identified experimentally. This may be especially important in selection for 

salt tolerance in environments where salinity stress is uniform and chronic, but at 

relatively low levels. 

-- -- --------------- ----
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Rosielle and Hamblin (1981) suggest that situations may exist where genetic 

variances in stress environments are higher than those in non-stress environments 

and genetic correlations between yields in stress and non-stress environments are 

positive. Several authors have also described experiments where both optimal and 

unfavorable environments may conceal genetic variability. For example, results 

have been reported from alfalfa [limited daylight, and reduced temperature and soil 

moisture](Daday et aI., 1973), rapeseed [Brassica campestris and B. napus; 

drought stress](Richards, 1978), soybean [Glycine max (L.) Merr.; late planting 

date](Pfeiffer, 1987), and sugarbeet [Beta vulgaris L.; plants forced to produce 

leaves from stored carbohydrates in darkness](Doney, 1988) where unfavorable 

environmental conditions severely limited response to selection, while unusually 

favorable conditions may have done so to a moderate extent. These findings 

indicate that some level of NaCI stress may be required to identify those genotypes 

which are salt tolerant to stress. Low to moderate NaCllevels may permit greater 

genotypic expression among cultivars providing that environmental variance does 

not increase as stress decreases. 

Since alfalfa is a multiple-harvest perennial it is also possible that different 

mechanisms of salt tolerance might be utilized during growth as a seedling than 

during post-harvest regrowth. Selection based on a particular developmental stage 

may limit expression of salt tolerance that is affected by development (Jones, 

1987). Selection for salt tolerance at early developmental stages such as 

germination or seedling growth may not result in expression of salt tolerance at 

later developmental stages such as post-harvest regrowth. 

The goal of this research was to refine the conceptual foundation upon 
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which both basic studies of salt tolerance and efforts to breed for improved salt 

tolerance in alfalfa have been based. The specific objectives of this study were to 

determine: 0) salinity level(s) that can be used to efficiently screen for increased 

forage yield in saline environments, (ii) selection criteria that accurately identify 

high yielding plants in saline environments in order to obtain maximum selection 

response, and Oii) if variation for forage yield in saline environments has been 

affected by the domestication and modern breeding of alfalfa. 

2-2 Materials and Methods 

A greenhouse screening system was developed that allowed evaluation of 

large populations of individual alfalfa plants irrigated with water containing different 

amounts of NaGI. NaCI levels were selected and salinity monitoring and flushing 

procedures devised so that osmotic potentials in the screening system approached 

those observed in agricultural areas where salinity is a problem (Burns et aI., 1990; 

Doerge, 1985; McKell et aI., 1986). All experiments were conducted between 1 

September 1987 and 20 November 1989 in a greenhouse under 24 h fluorescent 

lighting where mear. temperatures ranged from 17 to 30 • C. 

Germplasm Sources 

The nondormant alfalfas, 'Sonora' and its parental population' African' were 

used as parental germplasm sources. African was introduced into the United 

States as 'Hegazi' (Fe 31,370) in 1924 (Barnes at aI., 1977). However, Walker E. 

Bryan's African A4-35 was used as the principal African source in Arizona's 

varieties and may be different from FC 31,370. Sonora is a 13-clone synthetic 

selected from the ecotype African (Schonhorst et al., 1964). Four of the parent 

clones were obtained from plantings in Arizona, six from the Imperial Valley of 

--------_.-. --.. 



24 

California, two from Bakersfield, California, and one from Logandale, Nevada. 

Selection of Sonora was based on resistance to the spotted alfalfa aphid 

(Therioaphls maculata Buckton) and forage production, winter-grov'Ith habit, and 

other agronomic characteristics. Where Sonora is best adapted its yield may 

exceed African by 10% or more during the first year of production (Schonhorst et 

al., 1964). African and Sonora were chosen for this research so that attempts 

could be made to determine whether agronomically unimproved, broad-based 

germplasms (African) or agronomically improved, narrower-based germplasms 

(Sonora), or both can be used as starting germ plasm material when breeding for 

increased forage yield in environments with low to moderate salinity levels. 

Screening Procedures 

The first cycle of selection was conducted between 1 September 1987 and 

22 March 1988 (Appendix B). Scarified seeds of African or Sonora were sown in 

individual 4O-mm X 0.2-m cylindrical containers containing 64.0 ± 1.S g (dry wt., 

mean ± SE) of a soil medium (2:3:3:4 ratio of peat, perlite, sand, and potting mix), 

covered with sand to a depth of 10-mm (Assadian and Miyamoto, 1987), and 

thinned to one plant per container at 14 d. Four salt levels, 0, 30, SO, or 80 mM 

NaCl, were imposed by irrigating seedlings individually with 0.035 L of water plus 

o (control; 0 mM), 1.75 (30 mM), 3.51 (60 mM), or 4.68 (SO mM) g L-1 NaCI every 

3 to 5 d. The saline solutions were stored in elevated 26 L carboys and plastic 

tubing was used to deliver the saline solution to each container by gravity flow. 

Salt accumulation in the soil medium was estimated weekly by measuring the 

osmotic potential of effluent (Nobel et aI., 1984) flowing from 10 randomly selected 

containers per treatment in each replicate 15 min after irrigation with a vapor 

._---------- ----
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pressure osmometer. Forage fresh weight (clipped 5O-mm above the crown) was 

measured for each plant 56,105,140,167, and 204 d post-planting. To minimize 

salt accumulation, each container was flushed with 0.1 L non-saline water 

immediately after each harvest (Noble et al., 1984). This was followed by irriga

tion with the appropriate saline solution. Mean salinity levels of effluent for the 

three NaCI treatments (30, 60, 80 mM) for cycle-1 were equivalent to 71 ± 3, 121 

± 6, and 164 ± 8 mM NaCI (mean ± SE). The second cycle of selection was 

conducted between 9 August 1988 and 18 January 1989 (Appendix 8) as before 

except forage fresh weight was measured for each plant 49,77, 105, 133, and 162 

d post-planting. Mean salinity levels of effluent for the three NaCI treatments were 

equivalent to 66 ± 2, 116 ± 5, and 150 ± 7 mM NaC!. 

To reduce environmental effects, Gardner (1961) suggested that the 

experimental selection area be subdivided so that all environments of the 

experimental area could be sampled equally. Therefore, a randomized complete 

block design with a 2 X 4 factorial arrangement and two replications was used for 

each cycle. Factors were populations (African or Sonora) and salt levels (0, 30, 60, 

or 80 mM NaCI). Each treatment contained 98 plants per replicate. Two 

unselected control populations were also produced from each African and Sonora 

for cycle-1. Control African and Sonora plants were established independent of 

selected populations and irrigated with non-saline water as described before. All 

control plants were clipped 5O-mm above the crown at each harvest and the 

herbage discarded. Un selected control populations for cycle-2 were established 

from cycle-1 control populations. 
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Simulated Selection 

Before actual selections were made, a simulated selection study was 

conducted using data obtained during the Initial screening of African and Sonora 

at different NaCI levels. The simulated selection study was conducted to reduce 

the number of possible selection schemes for increased alfalfa forage yield in saline 

environments that were actually evaluated. Yields of plants in African and Sonora 

populations irrigated with 0, 30, SO, or 80 mM NaCI were ranked from highest to 

lowest yield using a computer program, 'SELECT' (Appendix C), written using 

Statistical Analysis Software (SAS Institute. 1987). The 20 highest ranked plants 

(intensity of selection. ;=10%) were identified for each treatment (10 per replicate). 

It was assumed that forage fresh weight was measured without error, heritability 

was constant. and selection differentials were constant in each environment 

(Teuber and Phillips, 1988). Response gain per cycle (R) of individual plant 

selection was predicted by population and salt level as follows: 

R = i·h 2·a p 

where i = intensity of selection; h2 = heritability on an individual basis; and a p = 

phenotypic standard deviation among individual plants (Falconer, 1981). Percent 

gain (% G) per cycle of selection was calculated as follows: 

%G = R + Pm 

where Pm = phenotypiC mean of among individual plants of each treatment

population combination. A conservative heritability value (0.25) was used in the 

calculation of expected gain based on published estimates of heritability of 

improved seedling forage yield in the presence of NaCI in alfalfa (Ashraf et al .• 

1987; Noble et al.. 1984) 

--------- -----
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A total of 120 different hypothetical selection schemes were tested. 

Simulated selection for increased yield was made based on 15 harvest selection 

criteria (harvest nos. 1, 2, 3, 4, 5, 1 +2, 2+3, 3+4, 4+5, 1-3 , 2-4, 3-5, 1-4, 2-5, 

or 1-5), at four salinity levels (0, 30, 50, or 80 mM NaCI) In the two populations 

(African and Sonora). The effectiveness of each harvest selection criterion was 

predicted by comparing average percent gains (mean of cycles-1 and -2 

combined) for each salinity level and germplasm source. 

Actual Selection 

In March 1988, SELECT was used to rank individual plants within each 

treatment by replicate based on mean forage fresh weight for harvests 3 to 5 

(chosen based on simulated selection results, see 2-3 Results and Discussion). 

Twenty cycle-1 plants (i = 10%) in each treatment were selected, randomly 

arranged, and interpollinated by hand. Eight populations selected for increased 

yield at different NaCllevels, four from each of African and Sonora resulted (Table 

3). Four control populations, two each from African and Sonora, were also 

produced by interpollinating 20 plants randomly selected from 196 original plants 

to determine if selection for yield at different NaCllevels was successful (Table 3). 

For all populations seed was harvested from each plant separately and equal 

amounts bulked from each maternal parent. In January 1989, selected and control 

populations for cycle-2 (Table 3) were made similar to cycle-1. 

Evaluation of Selected Populations 

Evaluation of all cycle-1 populations (parental, control, and selected, Table 

3) was conducted between 12 July 1988 and 17 January 1989 (Appendix B). 

Seeds were sown as ~efore, and thinned to two plants per container at 14 d . 
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Table 3. Designations for parental, control, and selected populations of alfalfa 
used in this study. 

Selection Original 
Populations environment source Cycle-1 Cycle-2 

Parental Unse/ected African A A 
Sonora S S 

Control Unselected AfrIcan AC1-1 AC1-2 
African AC2-1 AC2-2 
Sonora 8C1-1 SC1-2 
Sonora S02-1 SC2-2 

Selected o mM NaC! African AO-1 AO-2 
Sonora $0-1 $0-2 

30 mM NaCI African A30-1 A30-2 
Sonora $30-1 S30-2 

60 mM NaC! African A60-1 A60-2 
Sonora $60-1 $60-2 

80 mM NaC! African Aeo-1 Aeo-2 
Sonora SBO-1 SBO-2 

---------.-. -.-. 
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Seedlings were irrigated with approximately 0.035 L of 0.25 strength Hoagland 

solution (Hoagland and Arnon, 1950) plus 0,30,60, or 80 mM NaCI every 3 to 5 

d. Salinity levels for all treatments were monitored and controlled as described for 

the screening procedure. Mean salinity levels of effluent for the three NaCI 

treatments during the evaluation of cycle-1 were equivalent to 84 ± 6, 120 ± 5, and 

151 ± 6 mM NaCI for 30, 60, and 80 mM treatments. Forage fresh weight was 

measured for each plant 56, 84, 112, 147, and 189 d post-planting as before. 

Evaluation of all cycle-2 populations (parental, control, and selected, Table 3) was 

conducted between 23 June and 20 November 1989 (Appendix B) as before 

except forage fresh weight was measured for each plant 41, 68, 96, 122, 150 d 

post-planting. Mean salinity levels of effluent for the three NaCI treatments during 

the evaluation of cycle-2 were equivalent to 53 ± 3, 88 ± 4, and 135 ± 6 mM NaCI. 

A randomized complete block design with a split-plot arrangement and four 

replications was used to evaluate populations from each cycle. Main plots were 

salt levels and subplots were populations. Each subplot was a single row of 14 

plants. For each evaluation environment, percent gain in forage yield was 

calculated for each selected population based on the mean of its two control 

populations. Percent gain values were then analyzed by analysis of variance to 

compare response to selection between salt levels within an evaluation 

environment. Realized heritability was estimated in the base populations by 

expressing the response to selection to selection as a proportion of the selection 

differential (Falconer, 1981). Comparison of percent gain means was made using 

the Least Significant Difference (LSD) test. Realized heritability estimates were 

compared using standard errors. 
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Ion Content 

Content of cr, Na + , and K + in forage of three African populations, AC1-

2, AO-2, and A80-2 (Table 3), was measured after growth at 0 and 80 mM NaCI. 

Equal amounts of forage tissue from each population, salt level and replicate were 

bulked from harvests 2 to 5 for ion analysis. Forage was dried at 80· C for 48 h 

and ground in a sample mill with a 40 mesh screen (Allen et aI" 1986). Ion 

analyses were conducted by the Soil and Plant Tissue Testing Laboratory, 

Department of Soils, Water, and Engineering, University of Arizona, Tucson. The 
t 

CI", Na + , and K + analyses were made on 0.5 g samples from each treatment and 

replicate. Sodium and potassium were estimated by atomic absorption 

spectrophotometry following wet acid digestion in HN03 / HCI04 • Chloride was 

quantified by ion chromatography following extraction in 50 ml H2 0. Results for 

forage yield, CI", Na + , and K + content were analyzed as a randomized complete 

block design by salt level. 

2-3 Results and Discussion 

Growth Response 

Selection for higher forage yield at low to moderate salinity levels may 

identify plants with agronomically relevant levels of salt tolerance. Percent 

germination of African alfalfa but not Sonora was reduced significantly (P S 0.05) 

at 60 and 80 mM NaCI (Table 4). Speed of germination appeared to be reduced 

by increasing salinity in both African and Sonora. Seedling emergence of African 

but not Sonora at 7 d was significantly (P S 0.05) lower at all NaCI levels tested 

(Table 4). Forage yield of both sources decreased with increasing salinity except 

at 30 mM NaCI where yield increased slightly compared to the 0 NaCI treatment 
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Table 4. Effect of NaCllevel on germination, emergence, and forage fresh wt. 
of Sonora alfalfa and Its parental cuttivar African in a greenhouse trial. 

Germination /I Emergenceb Fresh wt. e 

Evaluation 
environment 
(mM NaCl) African Sonora African Sonora AfrIcan Sonora 

% pi -1 -g ant -

0 53 96 50 87 1.25 1.36 

30 48 97 43 87 1.40 1.44 

60 45 97 42 85 1.17 1.17 

80 39 99 36 84 0.99 0.93 

LSD(O.05) 5 4 6 4 0.15 0.16 

a Mean germination at 10 d, values based on four replicates each with 50 seeds. 

b Mean emergence at 7 d, values based on two replicates each with 980 seeds. 

c Mean fresh wt. for five harvests, values based on two replicates each with 98 plants. 

------.. _._-
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(Table 4). The salinity levels evaluated decreased average regrowth yield by as 

much at 30% while the 80 mM NaCI treatment decreased seedling yield (harvest-

1) up to 49%. These reductions in forage yield confirm those observed by Maas 

and Hoffman (1977). The inhibitory affects of NaCI observed at germination and 

emergence in African but not in Sonora may have resulted because of differences 

in the age of the original seed used (Smith and Dobrenz, 1987). The initial African 

seed source was 37 years old, whereas the initial Sonora seed source was 17 

years old. 

Predicted Response to Selection 

A large number of possible selection schemes for identifying alfalfa plants 

for increased forage yield in saline environments can be imagined. However, it 

may not be practical to test every scheme to determine which one(s) would result 

in maximum selection response. The use of simulated selection to predict gains 

from various selection schemes may based on an evaluation of existing variation 

help plant breeders narrow the number of choices to only a few for actual testing. 

For example, I was interested in determining: (i) NaCllevel(s), (ii) selection criteria, 

and (iii) starting germplasm source when selecting plants for increased forage yield 

in saline environments. Altogether, I came up with 120 rational schemes for doing 

this, too many to test individually. However, through simulated selection I was 

able to narrow the number of selection schemes for testing to eight. 

Simulated selection predicted that optimum gain in forage yield in alfalfa 

would be expected under non-saline conditions and decreased as NaCI level 

increased (Table 5). Percent gain values within a particular salinity level were valid 

only for predicting gain in forage yield at that salinity level. However, predicted 

-----------_ .. --
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Table 5. Mean percent gains in forage yield in African and Sonora alfalfa 
predicted by simulated selection for two cycles of selection using 
various harvest selection criteria at four different NaCI levels 
(Selection environment = evaluation environment). 

African Sonora 

Harvest OmM 30mM 60mM SOmM OmM 30mM 60mM SOmM Mean 

% Gain I 

1 17.3 14.2 16.0 17.9 18.3 13.3 12.9 16.9 15.8 
2 33.2 17.4 16.0 17.9 26.1 16.4 16.3 18.5 20.2 
3 28.6 20.6 17.2 18.0 32.7 19.1 17.2 17.8 21.4 
4 28.1 21.2 18.1 19.2 35.8 20.4 18.5 18.6 22.5 
5 26.2 19.4 18.3 20.7 33.5 18.6 17.7 19.2 21.7 

1+2 24.8 15.3 14.8 17.0 21.9 14.3 14.5 17.1 17.5 
2+3 28.6 18.3 16.1 17.3 28.2 17.3 15.9 17.2 19.9 
3+4 27.3 20.4 17.2 18.1 33.7 19.3 17.4 17.8 21.4 
4+5 25.8 19.7 17.6 19.3 34.0 18.9 17.7 18.2 21.4 

1-3 24.3 16.6 15.2 16.7 24.3 15.7 14.8 16.4 18.1 
2-4 26.8 18.9 16.4 17.5 30.1 18.0 16.5 17.3 20.2 
3-5 25.6 19.5 17.1 18.4 33.0 18.5 17.1 17.6 20.8 

1-4 24.1 17.7 15.8 17.1 27.2 16.8 15.6 16.6 18.8 
2-5 25.4 18.6 16.5 17.8 30.3 17.7 16.4 17.2 20.0 

1-5 23.5 17.6 15.9 17.4 27.9 16.8 15.7 16.6 18.9 

Mean 26.0 18.3 16.6 18.0 29.2 14.7 16.3 17.5 19.9 
LSD(0.05) 13.7 4.2 7.1 11.1 6.7 3.4 3.5 4.3 3.9 

8 Aesponse ~r cycle (A) of Individual plant selection wa~ predicted by population and salt level 
as: A = I h tip where I = Intensity of selection (1.75); h = heritability on an Individual basis; 
and tip = phenotypic standard deviation among Individual plants (Falconer, 1981). A 
conservative heritability value (0.25) was used In the calculation of response per cycle. Percent 
gain per cycle (%G) of selection was calculated as: %G = A + M p where M p = phenotypic mean 
among individual plants. 
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gains in forage yield at 0 NaCI were substantially larger than predicted gains at 30, 

60, or 80 mM NaCl, suggesting that selection in non-saline environments may 

result in populations with greater realized gains in forage yield than selection in 

saline environments even when evaluated in low to moderately saline environments. 

This indicates that NaCI stress may not be required to select for increased forage 

yield in low to moderately saline environments (Kapulnik et al., 1989). 

Selection for forage yield during regrowth may require evaluating yield for 

several harvests before accurate identification of superior parents can be made. 

But the time and cost involved in making multiple harvests on large numbers of 

plants may drastically reduce the efficiency of selection. The efficiency of breeding 

for increased forage yield at agronomically relevant salinity levels could be 

improved if plants could be identified in a limited number of harvests preferably at 

early stages of development. Predicted gains in forage yield from harvest selection 

criteria that included harvest-1 were lower than criteria that consisted of regrowth 

harvests only (Table 5). This indicates that selection schemes that include seedling 

growth may not be as efficient at improving mean yield in non-saline or saline 

environments compared with selection based on regrowth harvests only. Single 

regrowth harvests resulted in the highest predicted gains in mean forage yield 

regardless of NaCI environment. Mean percent gains in forage yield were similar 

for African and Sonora for the various selection schemes, except at 0 NaCI where 

predicted gains in Sonora were higher. 

Spearman rank correlation coefficients (r I ) computed among individual 

harvest yields and mean yield through five harvests (Table 6) also indicate that 

harvest-1 (seedling growth) was not a reliable predictor of forage yield regardless 

--------- --
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Table 6. Spearman rank correlation coefficients (r, ) for forage yield from 
individual harvests and mean forage yield through five harvests at four 
different NaCI levels in African and Sonora alfalfa. 

AfrIcan Sonora 

Harvest OmM 30mM 60mM SOmM OmM 30mM 60mM 80mM 

r, 

1 0.598 0.59 0.48 0.68 0.69 0.51 0.55 0.64 
2 0.86 0.89 0.84 0.90 0.91 0.89 0.91 0.90 
3 0.94 0.90 0.92 0.87 0.96 0.94 0.88 0.93 
4 0.94 0.92 0.91 0.89 0.97 0.93 0.90 0.94 
5 0.90 0.89 0.91 0.88 0.92 0.89 0.86 0.86 

a All values sIgnificant at 0.01 probability leVel . 

. - --- ._. __ ._--------_._. ---.. 
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of NaCllevel. Yields of individual harvests were all positively correlated (P :S 0.01) 

with mean yield through five harvests. .Yields from harvest-1 had the lowest 

correlation with average yield over five harvests (r 1= 0.48 to 0.69), whereas yields 

from harvest-2, -3, -4, or -5 had the highest coefficients (r I = 0.84 to 0.97). 

Comparison of selected parents using different selection criteria indicated 

that forage yield in single regrowth harvests would not necessarily result in 

identification of those plants with highest total yield at all NaCllevels (Table 7). For 

example, selection based on mean plant yield for harvest-4 would result in the 

identification of only 55.0 to 72.5% of those plants that would have been selected 

based on yields through five harvests. However, when multiple regrowth harvests 

were considered together they identified a higher percentage of those plants that 

would be selected if every harvest was taken predict mean yield through the life of 

the alfalfa plant. For example, harvests-3, -4, and -5 identified 70.0 to 87.5% of 

those plants that would have been selected based on yields through five harvests. 

Multiple harvests made early in the plant's life may also better predict total forage 

yield through the life of the alfalfa plant compared to the seedling or individual 

regrowth harvests. Therefore, based on these data actual selection was based on 

yields in harvests 3 to 5. 

Actual Response to Selection 

Gains in forage yield of populations produced by two cycles of phenotypiC 

selection for high forage fresh weight at different NaCI levels indicate that the 

greatest improvement in forage yield at high NaCI levels was made in African 

(Table 8). Selection at 0 NaCI in African resulted in negative genetic gain in forage 

yield when the selected population was evaluated at 60 or 80 mM Nael. However, 

----------- ---.. 
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Table 7. Percentage of plants correctly identified by simulated selection at four 
levels of NaCI stress if selection for mean yield in African and Sonora 
alfalfa through harvests 1·5 was based on forage yield from individual 
harvests or harvests 3~5. 

African Sonora 

Harvest OmM 30mM 60mM 80mM OmM 30mM 60mM SOmM Mean 

% 

1 37.5 35.0 32.5 32.5 42.5 32.5 25.0 37.5 34.4 
2 55.0 52.5 45.0 52.5 52.5 50.0 47.5 60.0 51.9 
3 62.5 67.5 62.5 60.0 62.5 62.5 65.0 70.0 64.1 
4 67.5 65.0 67.5 55.0 67.5 62.5 60.0 72.5 64.7 
5 65.0 57.5 47.5 55.0 SO.O 60.0 45.0 50.0 57.5 

3-5 87.5 82.5 75.0 SO.O 87.5 87.5 82.5 70.0 81.2 

1-5 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 

LSD(0.05) 10.0 24.3 36.3 19.0 21.1 15.3 12.7 14.5 6.1 

... - -.--------------- ----
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Table S. Gains with two cycles of direct or Indirect selection for forage yield in 
three regrowth harvests (expressed as percent of control population 
means within NaCllevels) at 0, 30, 60, and 80 mM NaCI in African or 
Sonora alfalfa. 

Evaluation environment (mM NaC!) 
Selection 

Original environment 
source (mM NaC!) 0 30 60 80 Mean 

% GaIn 

African 0 1.6- 6.0 -7.6 -9.1 -2.3 
30 3.3 1.78 0.8 11.2 4.3 
60 5.3 10.6 7.1 8 12.8 9.0 
80 13.6 28.6 7.3 6.4 8 14.0 

LSD(0.10) 9.6 14.2 10.8 11.4 6.4 

Sonora 0 7.58 12.4 13.8 -3.4 7.6 
30 2.1 2.8 8 7.2 1.7 3.5 
60 10.6 8.6 17.08 -1.4 8.7 
80 5.4 0.2 6.6 _5.1 8 1.8 

LSD(0.10) NS NS NS NS NS 

8 Selection environment = evaluation environment. 

----------- ----
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selection at 30, 60, or 80 mM NaCI in African resulted in positive genetic gain in 

forage yield when the selected populations were evaluated at 0, 30, 60, 80 mM 

NaC/. Selection at 0, 30, 60, or 80 mM NaCI in Sonora resulted in positive gains 

in forage yield when the selected populations were evaluated at 60 mM NaCI or 

lower. However, with the exception of the population selected at 30 mM NaCl, 

gains in forage yield in populations selected from Sonora were negative when 

evaluated at 80 mM NaC/. 

Realized heritability estimates were similar between NaCI levels within 

germ plasm sources, but estimates were typically larger in African than in Sonora 

(Table 9). In general, realized heritability estimates were higher in cycle-2 than in 

cycle-1 for all of the populations selected from African when evaluated at 0 or 30 

mM NaCl, butwere higher in cycle-1 than in cycle-2 when evaluated at 60 or 80 mM 

NaC/. The low realized heritability estimates observed in Sonora relative to African 

may be explained by the fact that Sonora was derived from only 13 clones of 

African, which may have resulted in substantially reduced genetic variation for 

forage yield. 

Evidence of reduced variation in Sonora may also be implied by the 

performance of the cycle-2 population selected at 0 NaCI from African. As noted 

before, selection during the development of Sonora was based on forage yield, 

winter-growth habit, and other agronomic performance of African in non-saline 

environments. In this study, selection for increased forage yield at 0 NaCI in 

African was comparable in many respects to the development of Sonora. The 

realized heritability estimate for the cycle-1 population selected at 0 NaCI in African 

was h2 = 0.38 at 80 mM NaCl, but was only 0.04 for the cycle-2 population. This 

.. - -- .• - -.------------- -- - . --.•. --.---
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Table 9. Realized heritability estimates for forage yield with selection for one 
and two cycles at 0, 30, 60, or 80 mM NaCI within African or Sonora 
on plants grown at either 0, 30, 60, and 80 mM NaC!. 

Evaluation environment (mM NaC!) 
Selection 
environment 
(mM) NaC! Cycle 0 30 60 80 

h2 

African 

0 1 0.09 ± 0.33 0.13 ± 0.10 0.91 ± 0.91 0.38 ± 0.21 
2 0.17 ± 0.09 0.19 ± 0.13 -0.22 ± 0.24 0.04 ± 0.09 

30 1 0.09 ± 0.18 0.25 ± 0.29 0.62 ± 0.64 0.39 ± 0.21 
2 0.17 ± 0.13 0.09 ± 0.17 -0.14 ± 0.19 0.19 ± 0.08 

60 1 0.07 ± 0.12 0.24 ± 0.16 0.71 ± 0.64 0.52 ± 0.25 
2 0.23 ± 0.04 0.25 ± 0.11 0.03 ± 0.18 0.20 ± 0.07 

80 1 0.28 ± 0.23 0.19 ± 0.24 0.98 ± 0.95 0.33 ± 0.19 
2 0.33 ± 0.11 0.44 ± 0.20 0.03 ± 0.13 0.18 ± 0.09 

Sonora 

0 1 0.04 ± 0.20 0.08 ± 0.17 -0.15 ± 0.16 0.16 ± 0.09 
2 0.09 ± 0.14 -0.14 ± 0.23 0.01 ± 0.10 -0.14 ± 0.11 

30 1 0.13 ± 0.26 -0.01 ± 0.24 0.07 ± 0.07 0.10 ± 0.11 
2 0.09 ± 0.07 -0.35 ± 0.07 -0.10 ± 0.05 0.02 ± 0.10 

60 1 . 0.01 ± 0.32 -0.12 ± 0.21 0.04 ± 0.16 0.23 ± 0.10 
2 0.27 ± 0.15 -0.30 ± 0.13 0.04 ± 0.09 -0.04 ± 0.10 

80 1 -0.08 ± 0.17 -0.21 ± 0.19 -0.17 ± 0.14 0.17 ± 0.10 
2 0.14 ± 0.05 -0.32 ± 0.12 -0.10 ± 0.05 -0.14 ± 0.13 

..... _._---------_._. --
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low h 2 value was similar to the h 2 values observed for populations derived from 

Sonora. Cycle-2 populations of African selected at 30, 60, or 80 mM NaCI had 

higher h2estimates when evaluated at 80 mM NaCI suggesting substantial genetic 

variation for yield at low to moderate salinity levels remained in these populations. 

Percent gain values also indicated that variation for Increased forage yield in saline 

environments was maintained in African populations selected at 30, 60, or 80 mM 

NaCl, but was reduced or lost in the Sonora populations and the African population 

selected at 0 NaCI (Table 8). 

Kapulnik et al. (1989) demonstrated that alfalfa populations developed from 

'Hairy Peruvian' and 'Moapa 69' by selection for increased growth and N 

assimilation in nonsaline conditions, produced more forage at 20% bloom than the 

original cultivars when 200 mM NaCI was applied after germination. Interestingly, 

selection in these populations increased yield at 20% bloom (71.5 to 75 d) by 70% 

in Hairy Peruvian (a broad-based unimproved germplasm source), but only 26% 

in Moapa 69 (an improved cultivar of mainly African descent) at 200 mM NaCI. 

Selection in Hairy Peruvian also increased 45-d forage yield at 0, 100, and 200 mM 

NaCI, however, selection in Moapa 69 did not increase 45-d forage yield at 100 or 

200 mM NaCI. These results are similar to those I observed in African and Sonora 

and further support the importance of selecting an initial germplasm source that 

has ample variation for increased forage yield when attempting to improve forage 

yield in saline environments. 

Ion Content 

Variation in physiological adaptations to salinity, such as ion exclusion, may 

be important in alfalfa populations grown at salinity levels of 80 mM NaCI or higher 

-- ---- --- ------------------ - ------
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(Noble et a/., 1984; Ashraf et al., 1986). Such adaptations may also explain why 

selection for increased forage yield in non-saline environments may reduce 

variation for yield at higher salinity levels. In this study, two cycles of selection for 

increased forage yield at 0 NaCI in African significantly (P s 0.05) increased forage 

cr content when grown at 80 mM NaCI compared to the unselected control 

population (2.38 vs. 1.88%, Table 10). Selection for increased forage yield at 80 

mM NaCI in African did not affect forage cr content when grown at 80 mM NaCI 

compared to the unselected control population (2.01 vs. 1.88%). Forage K + 

content was lower following two cycles of selection at 80 mM NaCI in African when 

grown at 80 mM NaCI compared to the control population (2.64 vs. 2.88%). 

Forage K + content was not affected by selection at 0 NaCI in African. Forage Na + 

content was not affected by selection at 0 or 80 mM NaCI in African when 

evaluated at 80 mM NaC/. Forage CI: Na +, and K+ contents were similar for the 

control and populations selected at 0 and 80 mM NaCI when grown in non-saline 

conditions. 

Noble et a/. (1984) found that while both sodium and chloride concentrations 

of alfalfa shoots were lower in tolerant than in less tolerant plants, chloride was 

more closely associated with salt tolerance than sodium. My results also indicate 

that selection in saline environments may identify plants capable of ion exclusion. 

The lower forage cr contents observed in the control population of African and the 

population selected at 80 mM NaCI indicate variation for ion exclusion mechanisms 

may exist in broad-based germplasms such as African. However, the population 

selected at 0 NaCI in African may have lost the variation for excluding ions such as 

CI" when grown at high NaCllevels. These data suggest that intense selection for 

.. -- ._. - -----------_. -.-.-
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Table 10. Effect of 0 or 80 mM NaCI on shoot regrowth and ion content of 
unsEllected (AC1-2) and selected populations (AO-2 and ASQ-2) of 
African alfalfa. 

Evaluation Selection cr Na+ K+ 
environment environment Fresh wt. H20 ext. total total 

g plant-I % 

o mM NaCl Unselected I 3.64 0.46 0.07 3.48 
o mM NaCl 4.44 0.49 0.09 3.38 
80 mM NaCl 4.97 0.52 0.15 3.25 

LSD (O.OS) 0.94 NS NS NS 

80 mM NaC! Unselected a 3.18 1.88 1.2S 2.84 
o mM NaC! 2.94 2.38 1.36 2.63 
80 mM NaCl 3.39 2.01 1.39 2.46 

LSD(O.OS) NS 0.34 NS 0.24 

a Unselected = control population, AC1-2. 

--------_._. -.---
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increased forage yield In non-saline environments may potentially eliminate salt 

tolerant plants from the improved population. 

In summary, the breeding strategies described may be useful in identifying 

high yielding genotypes of perennial leguminous forages at salinity levels common 

in many saline agricultural regions. Simulated selection as conducted may help 

plant breeders design more efficient strategies for the improvement of forage yield 

in stress environments. In this study, predicted gains In alfalfa forage yield at four 

different NaCllevels were comparable with observed gains in forage yield following 

selection at the same NaCI levels. 

-- ----_._----------_ •... --



CHAPTER 3 

GENETIC AND PHENOTYPIC RELATIONSHIPS 
IN RESPONSE TO NACL AT DIFFERENT 
DEVELOPMENTAL STAGES IN ALFALFA 

3-1 Introduction 

45 

Response to salinity in crop plants may be affected by developmental stage. 

Understanding the relationships between plant growth and development and 

reaction to salinity may faoilitate efforts to Improve salt tolerance. Usually, crops 

are as salt tolerant at germination than at later stages (Maas, 1986). However, 

certain species (e.g. sugarbeet, Beta vulgaris L.) are more sensitive during 

germination than at later growth stages (Ayers and Hayward, 1948). Salt tolerance 

at seed germination has not been consistently related 10 tolerance during 

emergence, vegetative growth, flowering, or fruit development. Barley (Hordeum 

vulgare L.), maize (Zea mays L.), cowpea (Vigna unguiculata L.), rice (Oryza sativa 

L.), sorghum (Sorghum bicolor L.), and wheat (Triticum aestivum L.) are most salt 

sensitive during early seedling growth and become increasingly tolerant during later 

stages of development (Maas, 1986). Although most crop plants generally become 

more tolerant at later stages of growth, salt may affect pOllination and thus 

decrease seed set and grain yield (Maas, 1986). 

Alfalfa, a multiple-harvest perennial forage crop, is considered moderately 

sensitive to salinity (Maas and Hoffman, 1977). Salinity research in this species has 

focused primarily on germination (A"en et aI., 1985; Carlson et aI., 1983; Dobrenz 

et al., 1983, 1989) and seedling establishment in the presence of salinity (Ashraf 

et aI., 1986, 1987; McKimmie and Dobrenz, 1987; Noble et al., 1984). Several 

reports indicate that alfalfa has the genetic potential for improved salt tolerance and 

----------- ---. 
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that plant breeding may be the solution for increasing yield in saline environments 

(Allen et al., 1985; Kapulnik et aI., 1989; Mohammad et aI., 1989; Noble et aI., 

1984). Alfalfa is multiple-harvest perennial and it is possible that different 

mechanisms of salt tolerance might be involved during seed germination, seedling 

establishment, and post-harvest regrowth. Selection based on only a single 

developmental stage may preclude genotypic expression of traits, such as salt 

tolerance, that may be influenced by ontogenic stage (Shannon, 1985). In this 

case, selection for salt tolerance at early stages of development, such as 

germination, may not result in expression of salt tolerance at later developmental 

stages such as post-harvest regrowth. 

Genetic and physiological linkages may exist between factors affecting seed 

germination or plant growth (seedling or post-harvest regrowth) in the presence of 

salinity stress (Blum, 1988). However, indirect selection for field-relevant levels of 

salt tolerance in alfalfa at early stages of development (e.g. germination) have 

generally been unsuccessful (Smith et al., 1989). Apparent salt tolerance at 

germination also does not appear to be related to tolerance during seedling growth 

(Allen, 1984) or mature plant regrowth in the presence of salinity (See Chapter 5) 

in populations selected for germination salt tolerance. Salt tolerance during 

seedling growth has been observed in experimental populations of alfalfa selected 

for increased shoot length at 14 d (Ashraf et aI., 1987) or 75 d (Noble et aI., 1984) 

in the presence of 250 mM NaCI. Kapulnik et al. (1989) discovered that alfalfa 

populations selected for increased growth and N assimilation in non-saline 

conditions, produce more forage at 20% bloom than the original cultivars at 200 

mM NaCI. In Chapter 2, I developed selection methodology to identify alfalfa plants 
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with the ability to germinate, establish, and regrow after harvest at salinity levels 

similar to those typically encountered in agriculture (Burns et aI., 1990; McKe" et 

aI., 1986). 

The efficiency of breeding for increased forage yield in saline environments 

may be improved if high yielding (presumably tolerant) plants could be identified 

at an early stage of development reducing the time required per cycle of selection. 

Reports such as those by Maas (1986) suggest that stage of development X stress 

level interaction is common. However, little use has been made of estimates of 

this interaction in the development of breeding strategies for improving plant 

performance in s~line environments. The objective of this study was to determine 

genetic and phenotypic relationships between measures of salt tolerance at the 

three primary developmental stages in alfalfa: germination, seedling establishment, 

and post-harvest regrowth. Understanding these relationships may help improve 

the effectiveness of breeding programs aimed at increasing crop yields in saline 

environments. 

3-2 Materials and Methods 

An experimental population of alfalfa produced from two cycles of mass 

selection for improved forage regrowth yield at 80 mM NaCI (ABO) and an 

unselected control population (AC1) were used in this study (Table 3). In two 

separate experiments, individual plant performance was measured at seed 

germination, and at harvests-1 (seedling growth) and ·2 and -3 (mature plant 

forage regrowth) in order to determine genetiC and phenotypic relationships among 

these growth stages. Fourteen half-sib families were randomly chosen from each 

of ABO and AC1 and progenies grown at 0 or 80 mM NaCI in both experiments. 

""-- -- ----------- --. - -.-
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Germination 

Germination tests were conducted in 10-em petri dishes containing a single 

piece of Whatman no. 2 fitter paper (Smith and Dobrenz, 1987). Initially, 4.5 ml of 

o or 80 mM NaCI solution was applied to the paper, seed added, and the dishes 

enclosed in plastic bags containing damp paper towels. The dishes were then 

placed in the dark at 25· C. Germination was scored after 7 d by measuring 

radicle length to the nearest 1 mm. Unimbibed seeds were considered to be hard 

seeds and were excluded from all analyses. Seed germination involves not only 

qualitative responses of individuals (i.e. germination/no germination), but also 

quantitative response characters that may change over time (Scott et aI., 1984). 

Radicle length at 7 d, a quantitative character that reflects speed of germination as 

well as the number of seeds germinated, was used as a measure of germination 

in these studies. 

Seedling Development and Post-Harvest Regrowth 

Evaluation of forage yield was conducted in a greenhouse between 23 June 

1989 and 26 September 1989 under 24 h fluorescent lighting where temperatures 

ranged from 22 to 35 0 C (Appendix B). Seed from each half-sib family of AC1 or 

A80 were sown in 4O-mm X 0.2 m cylindrical containers as described in Chapter 

2. Two salt levels, 0 and 80 mM NaCl, were imposed by irrigating seedlings with 

0.035 L of 0.25 strength Hoagland solution (Hoagland and Arnon, 1950) plus a (0 

mM) or 4.68 (80 mM) g L -1 NaCI every 3 to 5 d. Containers were thinned to one 

plant at 14 d. Salinity levels for all treatments were monitored and controlled as 

described in Chapter 2. Forage fresh weight (clipped 5O-mm above the crown) 

was measured 40, 67, and 95 d post-planting. Mean salinity level of container 

--- --- ------------- ---
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effluent during the evaluation period was equivalent to 121 ± 7 mM NaCI for the 80 

mM NaCI treatment. 

Statistical Analyses 

Experimental Design. In both experiments, a randomized complete block design 

with a split·split·plot arrangement and four replications was used with NaCllevels 

(0 or SO) as main plots, populations (AC1 or ABO) as subplots, and half·sib families 

within populations as sub·subplots. In the germination experiment, each sub· 

subplot was a single petri dish of seven seeds. In the seedling development and 

post·harvest regrowth experiment, each sub·subplot was a single row of seven 

plants, with one plant per container. 

Estimates of Genetic Parameters. Half·sib families were evaluated in a randomized 

complete block design with an equal number of plants in each plot. An analyses 

of variance (Table 11) was computed for radicle length, seedling yield, and for each 

regrowth yield by salt level for balanced data on an individual plant basis (Hi" and 

Leath, 1979; Levings and Dudley, 1963; Nguyen and Sieper, 1983) (Appendix E). 

From these estimates, narrow·sense heritabilities (h2N~ on an individual plant 

basis were estimated as: 

U
2 4u 2 

2 A P h NS = ••••••••• = ••••••••••••••••••••• - •• 
u2

p u2
p + u2 + u2w 

and broad·sense heritabilities (h 2 
BS) were estimated as: 

2 2 
Uo Up 

h 2 BS = ......... = ............•............... _.-..... _._ .. . 
u2p [(U2w)] + [(r'f)+(u2+ r)+(u 2p)] 

with U
2
A = additive genetic variance, u2

p = total phenotypic variance, u2
p = family 

variance component, u2w = variance component among individual plants within 

.- -- - -------------- --
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Source 
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Analysis of variance on an individual plant basis for radicle length, 
or forage yield at harvests-1, -2, or -3 In alfalfa populations grown 
at 0 or 80 mM NaCI,· 

df Expected mean squares 

Replications (r-1) 

Families (f-1) 

Error (r-1)(f-1) 

Within plots rf(n-1) 

a2w+ 11172 + rna2p 

a2w+ 1117 2 

2 
aW 

a r = no. of replicates; f = no. half-sib families; n = no. of Individual plants per plot. 

-- --- ---------------
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plots, 0
2 = error variance component (plot-to-plot environmental variance), 020 = 

total genetic variance, r = no. of replicates, and f = no. of half-sib families 

(Appendix E). 

Estimates of genetic correlation were calculated to determine the extent to 

which the measurements of the various growth stages reflected what is genetically 

the same character. Covariance analyses were conducted for each pair of growth 

stages in each salt level by partitioning the sums of products according to the 

source of variation (Falconer, 1981). From these estimates additive genetic 

correlation coefficients (r A) were calculated as: 

covAX·Y 
r A = ---------------------------

(40 2
p X' 40

2
p Y)0.s 

where cov A equals the components of additive covariance and X and Y the pairwise 

combinations between growth stages (Appendix E). The standard error of 

estimates of heritability and genetic correlation were calculated according to 

Falconer (1981) (Appendix E). 

3-3 Results and Discussion 

Seed germination, seedling growth, and post-harvest regrowth were all 

reduced at 80 mM NaCI. Mean radicle length at 80 mM NaCI was reduced by 42% 

in AC1, the unselected control population, relative to 0 NaCI, but only 9% in A80, 

the population selected at 80 mM NaCI (Table 12). Furthermore, forage yield at 80 

mM NaCI was reduced by 45% at harvest-1, 44% at harvest-2, and 45% at harvest-

3 in AC1, and 38% at harvest-1, 44% at harvest-2, and 36% at harvest-3 in ABO. 

Because improved radicle length and forage yield during seedling and post

harvest regrowth were observed in ABO in saline environments, confirming its 

--- .. - ------------------- .. ---
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Table 12. Mean radicle length (AI) at 7 d and forage yield for harvests-1 
(H1), -2 (H2), and -3 (H3) in AC1 (unselected control population) 
and ABO (population selected at 80 mM NaCI) alfalfa grown at 0 or 
80 mM NaCI. 

Developmental stage a 
Evaluation 
environment 

Population (mM NaC!) RI H1 H2 H3 

-mm- g plant-l 

AC1 0 29.01 ± O.90b 1.74 ± 0.02 1.79 ± 0.03 2.11 ± 0.04 

80 16.93 ± 0.64 0.96 ± 0.01 1.00 ± 0.01 1.15 ± 0.02 

ABO 0 30.09 ± 0.09 1.73 ± 0.02 1.83 ± 0.03 2.06 ± 0.04 

80 27.28 ± 0.89 1.08 ± 0.01 1.02 ± 0.02 1.32 ± 0.02 

a AI = radical length at 7 days; H1, H2, H3 = forage yields for harvests-1, -2, and -3, 
respectively. 

b Mean ± standard error. 

------------ ----- - .. ------.---
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tolerance, this population could be used to establish whether the enhanced 

performance at these growth stages is any way related. 

The efficiency of breeding multiple-harvest perennial forages for increased 

forage yield in saline environments may be improved if tolerant plants could be 

identified at an early stage of development. However, salt tolerance at different 

growth stages may not be positively related. In this study germination success 

(measured by radicle length) at 0 or 80 mM NaCI was not highly correlated with 

seedling development (forage yield in harvest-1) or mature plant regrowth (forage 

yield in harvests-2 or -3) in either population (Table 13). However, family rank 

correlations (based on family means) between radicle length and yields in harvests-

1 , -2, or -3 were generally higher than corresponding phenotypic correlations. 

Phenotypic correlations between seedling and regrowth yields were also low but 

were higher at 0 than at 80 mM NaCI; correlations between regrowth harvests were 

the highest of any two stages of development. Family rank correlations between 

seedling growth and post-harvest regrowth at 80 mM NaCI were generally similar 

to phenotypic correlations. Family rank correlations between radicle length and 

seedling or regrowth yields tended to be higher than phenotypic correlations.This 

may indicate that family selection at germination and in some cases seedling 

growth is generally more effective at increasing forage yield in saline environments 

than individual plant selection in saline environments (Table 13). 

Broad-sense and narrow-sense heritability estimates for radicle length were 

higher in progenies of both AC1 and ABO when evaluated at 0 NaCI compared to 

80 mM NaCl, however, heritability estimates for radical length were higher in AC1 

at both 0 and 80 mM NaCI than in ABO (Table 14). This indicates that the selection 

.--------•.... -- .- .. _----._--



Table 13. 

Population 

AC1 

A80 
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Estimates of phenotypic and family rank correlations for radicle 
length (AI) at 7 d and forage yield for harvests-1 (H1), -2 (H2), and 
-3 (H3) in AC1 (unselected control population) and ABO 
(population selected at 80 mM NaCI) alfalfa grown at 0 or 80 mM 
NaCI. 

Developmental stages compared 8 

Evaluation 
environment 
(mM NaC!) Correlation RI-H1 RI-H2 RI-H3 H1-H2 H1-H3 H2-H3 

0 Phenotypic 0.00 0.03 -0.01 0.53** 0.43** 0.73** 
Family rank 0.09 -0.16 -0.13 0.53* 0.78** 0.76** 

80 Phenotypic 0.15** 0.12* -0.02 0.42** 0.38** 0.44** 
Family rank 0.63* 0.39 O.SO 0.42 0.43 0.48 

0 Phenotypic 0.09 0.10 0.09 0.65** 0.47** 0.71** 
Family rank 0.35 0.44 0.39 0.66** 0.36 0.67** 

80 Phenotypic 0.10 -0.01 0.05 0.33** 0.13** 0.56** 
Family rank 0.16 0.24 0.17 0.78** 0.16 0.15 

8 RI = radical length at 7 days; H1, H2, H3=ylelds for harvests 1, 2, and 3, respectively. 

*, ** Indicates significance at the 0.05, and the 0.01 probability levels. 
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Table 14. 

Population 

AC1 

ASO 

Estimates of broad-sense (upper line) and narrow-sense (lower 
line) heritability for radicle length (AI) at 7 d and forage yield for 
harvests-1 (H1). -2 (H2), and -3 (HS) in AC1 (unselected control 
population) and ABO (population selected at 80 mM NaCI) alfalfa 
grown at 0 or 80 mM NaCI. 

Developmental stage· 
Evaluation 
environment 
(mM NaC!) RI H1 H2 H3 

0 0.79 ± 0.06 b 0.48 ± 0.04 0.68 ± 0.06 0.59 ± 0.05 
0.88 ± 0.07c 0.23 ± 0.02 0.29 ± 0.02 0.21 ± 0.02 

SO 0.42 ± 0.03 0.64 ± 0.05 0.65 ± 0.05 0.32 ± 0.03 
0.22 ± 0.02 0.35 ± 0.03 0.27 ± 0.02 0.11 ± 0.01 

0 0.65 ± 0.05 0.56 ± 0.05 0.18 ± 0.02 0.38 ± 0.03 
0.44 ± 0.04 0.32 ± 0.03 0.05 ± 0.00 0.11 ± 0.01 

80 0.18 ± 0.01 0.76 ± 0.06 0.67 ± 0.05 0.43 ± 0.03 
0.08 ± 0.01 0.54 ± 0.04 0.27 ± 0.02 0.11 ± 0.01 

SRI = radical length at 7 days; H1, H2, H3 = yields for harvests-1, -2, and -3, respectively. 

b Upper line = broad-sense heritability estimate ± standard error. 

CLower line = narrow-sense heritability estimate ± standard error . 

. - -. _._._----------_. - --. 
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for regrowth forage yield in saline environments practiced to produce ABO may 

have reduced variation for performance at earlier growth stages such as 

germination. Contrary, heritability estimates for seedling forage yield (harvest-1) 

were higher in progenies of both AC1 and ABO when evaluated at 80 mM NaCI 

compared to 0 NaCI and heritability estimates for seedling yield were higher in A80 

than in AC1 (Table 14). This suggests that the selection for forage yield in saline 

environments practiced to produce ABO did not reduce variation for seedling yield 

in saline environments and only slightly in non-saline environments. Heritability 

estimates for forage yield at 80 mM NaCI were highest at harvest-1 and lowest at 

harvest-3 in both AC1 and ABO, suggesting that the greatest potential genetic 

advance in saline environments may occur by selection based on harvest-1. These 

heritability estimates are similar to those previously reported for alfalfa selected for 

salt tolerance at germination (h 2
BS= 0.50, Allen et aI., 1985), seedling growth at 14 

d (h 2
Ns = 0.52, H (realized heritability) = 0.31, Ashraf et aI., 1987), and seedling 

growth at 75 d (H = 0.41, Noble et aI., 1984). 

Genetic correlation coefficients (r A) between forage yield at 0 NaCI for 

harvests-1 and -2, harvests-1 and -3, and harvests-2 and -3 were all greater than 

1.0 in both AC1 and ABO (Table 15), indicating that most of the genetic variation 

at these growth stages resulted from factors common to the growth stages. 

However, at 80 mM NaCl, genetic correlations between forage yield in ABO indicate 

that only 11 % (r A2) of the existing genetic variation at harvests-1 and -2, 14% at 

harvests-1 and -3, and 18% at harvests-2 and -3 resulted from factors common to 

these growth stages. These percentages were typically lower in AC1 (0.5% for 

harvests-1 and -2, 1()oA, for harvests-1 and -3, and 18% for harvests-2 and -3). 

--------- --



Table 15. Estimates of genotypic correlation coefficients for forage yield for 
harvests-1 (H1), -2 (H2), and -3 (H3) In AC1 (unselected control 
population) and ABO (population selected at 80 mM Nael) alfalfa 
grown at 0 or 80 mM NaCI. 

Developmental stages compared a 
Evaluation 
environment 

Population (mM NaCI) H1-H2 H1-H3 H2-H3 

AC1 0 1.21 ± 0.1Sb 

80 0.07 ± 0.36 

A80 0 1.42 ± 0.57 

80 0.33 ± 0.29 

a H 1, H2, H3 = yields for harvests-1, -2, and -3, respectively. 

b Genetic correlation estimate ± standard error . 

2.03 ± 1.34 

0.31 ± 0.41 

1.14 ± 0.14 

0.37 ± 0.36 

. --.. _- --._-------_._ .... --

1.35 ± 0.34 

0.42 ± 0.40 

1.64 ± 1.24 

0.42 ± 0.41 
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Genetic correlations were generally highest between harvests-2 and -3. Because 

genetic correlations between seedling and regrowth yields were all positive, 

selection for forage yield in saline environments at harvests-1 t -2, or -3 should not 

decrease performance at other stages. These data also indicate that selection for 

forage yield at harvest-1 may be an efficient and effective way to improve total 

yield (i.e. throughout the life of the plant) in saline environments and would 

eliminate the need to take expensive and time consuming muttiple regrowth 

harvests. 

My results suggest that alfalfa genotypes that yield well at moderate NaGI 

levels can be selected from the germplasm used in this study and that selection for 

increased forage yield at 80 mM NaCI based on multiple regrowth harvests is 

possible. Low phenotypic correlations between radicle length and seedling or 

regrowth yields indicate that responses at germination are not generally indicative 

of mature plant performance in saline environments. Similarly, Jones (1987) 

observed little correlation between germination responses and subsequent seedling 

growth performance in several accessions of Lycospersicon grown at 100 mM 

NaG/. Some Lycospersicon accessions demonstrated stable responses over a 

range of stress levels during seedling development, but exhibited low stability in 

germination responses and vice versa. 

These data suggest that when attempting to improve seedling and mature 

plant satt tolerance in alfalfa it may be reasonable to concentrate on an improved 

population that is already satt tolerant at germination. Following this approach, 

tolerances at each growth stage could be concentrated into a single population via 

tandem selection leading to a single population having agronomically relevant salt 

-----------_. ----
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tolerance. The alternative would be to simultaneously select within populations not 

previously selected for response to salinity via independent culling levels based on 

their tolerance at each of the critical growth stages. Tandem selection, as 

described above, might be the most rapid since germination salt tolerant 

populations already exist (Dobrenz et at., 1983; 1989) and additional selection for 

this trait would not be necessary; only seedling and mature plant tolerance would 

need to be considered. The independent culling levels approach would be 

preferred if previous selection for salt tolerance at germination had negatively 

affected yield performance of the salt tolerant population. In either strategy, 

progeny testing may be more effective than mass selection for traits, such as 

regrowth forage yield, that have low heritability. 

In this study, phenotypic and family rank correlations between germination 

performance and seedling or mature plant regrowth yield were generally not 

significant. Selection for increased forage regrowth at 80 mM NaCI reduced 

additive genetic variation for germination performance in saline environments. 

Similarly, selection for enhanced performance at germination in alfalfa may reduce 

variation for enhanced forage yield in saline environments (Allen, 1984; also see 

Chapter 5). This implies that using the tandem selection strategy may not be as 

efficient as the independent culling levels approach if the goal is to improve forage 

yield in saline environments. Given the variation in salinity seen between seasons 

or even within single salt-affected fields, reduced yield in tolerant populations would 

be unacceptable. Therefore, I suggest selecting for salt tolerance at germination, 

and during seedling and mature plant growth in a greenhouse screening system 

as described in Chapter 2. Nobel et a!. (1984) have also used a similar approach 
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with success in an experimental breeding program to develop an alfalfa population 

with salt tolerance at all growth stages. 

--------- ---



CHAPTER 4 

RESPONSE TO NACL OF ALFALFA PLANTS 
REGENERATED FROM NON-SALINE CALLUS CULTURES 

4-1 antroductlon 

61 

Direct In vitro selection for salt tolerant genotypes of alfalfa has involved 

addition of up to 171 mM NaCI to callus media (Croughan et aI., 1978; McCoy, 

1987b; Smith and McComb, 1983). While the selection of genotypes expressing 

cellular NaCI tolerance In vitro has many apparent advantages for crop 

improvement, poor relationships between tolerance in vitro and in vivo and extreme 

somaclonal variation resulting from extended culture periods in saline media have 

reduced the usefulness of such procedures in alfalfa breeding (McCoy, 1987b). 

In fact, standard cell culture protocols may involve significant osmotic stress. 

Unintentional selection for plants that perform well in non-saline tissue culture may 

therefore result in plants capable of improved growth in higher levels of NaCI. For 

example, callus cultures of Regen-S alfalfa (line W75RS)(Bingham, 1989) showed 

apparent tolerance to 62.5 mM NaCI (Smith and McComb, 1981) indicating that 

selection for salt tolerance in callus cultures may occur without adding NaCI to 

culture media. 

This Chapter describes efforts to increase salt tolerance in alfalfa by 

regenerating plants from cell cultures not exposed to NaGI. First, data are 

presented on Regen-S and its parental cultivars to support Smith and McComb's 

(1981) suggestion that selection for improved callus growth and regeneration 

without added osmotica enhanced regenerant plant performance under osmotic 

stress. Second, data are presented from experiments using alfalfa plants 
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62 

regenerated from different cell lines of similar age. Ramets and self progenies from 

original plants that served as explant donors and regenerants were tested at 

different levels of NaCI for forage yield of whole plants. These experiments were 

specifically designed to confirm whether non-saline culture could serve as a source 

of alfalfa genotypes with improved NaCI tolerance. 

4·2 Materials and Methods 

Regen-S and Its Parental Cult;vars 

Evaluation of Regen-S and its parent cultivars, Saranac (Murphy and Lowe, 

1966) and DuPuits (Barnes et al., 1977), was conducted in a growth chamber 

under 24 h fluorescent lighting at 25 0 C (Appendix B). Seeds of each cultivar were 

sown in 25- by 1SO-mm test tubes containing 15 ml of SHU medium (Schenk and 

Hildebrandt, 1972) without hormones plus 0 (0 mM), 1.5 (25 mM), 2.9 (SO mM), 4.4 

(75 mM), or 5.8 (100 mM) g L-1 NaCI. At 42 d, forage (clipped at the cotyledons) 

was harvested from each plant, dried at 80 0 C, and weighed. A randomized 

complete block deSign with a split-plot arrangement and four replications was used. 

Main plots were salt levels and subplots were cultivars (a single row of six plants). 

Levels of NaCI were chosen based on those found in saline agricultural areas 

(Burns et aI., 1990; Doerge et aI., 1985; McKell et al., 1986). For each NaCllevel 

evaluated, a plant's absolute yield, as well as the ratio of its yield under non-saline 

conditions relative to that under saline conditions (= "percent 0 NaCI") were 

computed and used as measures of NaCI tolerance (Smith et aI., 1989). 

Consideration of percent 0 NaCI values reduced the likelihood that measurement 

of NaCI tolerance was confounded by inherent differences in productivity that may 

not have been directly related to salt tolerance. Comparisons of absolute mean 
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yields was made using orthogonal contrasts, whereas comparisons of mean yields 

as a percent 0 NaCI values were made using standard errors of the means. 

Original Plants and Regenerants 

Plants used in this study were derived from five divergent alfalfa plants (= 

·original plants"). Two plants (CUF-6 and CUF-A) were randomly selected from 

'CUF 101' (Lehman et al., 1983), while one plant was selected from 'AZ-GERM 

SALT-I' (ST-N)(Oobrenz et aI., 1983), 'Rangelander' (R 1-5)(Heinrichs et aI., 1980), 

and 'KY-Syn-Y-1' (K 11-4)(Taylor, 1980). CUF 101 and AZ-GERM SALT-I are high 

yielding nonwinterdormant cultivars, while Rangelander and KY-Syn-Y-1 are 

winterdormant cultivars with lower yield potential. 

Callus cultures from each original plant were initiated from immature ovaries 

on Schenk and Hildebrandt (1972) medium containing 2.0 mg -I, 2,4-D and 2.0 

mg -1 kinetin (SHII). After 28 d growth at 25 0 C, callus was transferred to 

regeneration media (BOi2Y)(Saunders and Bingham, 1975). After 28 to 42 d on 

BOi2Y, one regenerant from each original plant was transferred to soil. All plants 

were propagated vegetatively and maintained in the greenhouse. The CUF-6, 

CUF-A, K 11-4, R 1-5, and ST-N original plants and their regenerants were all 

tetraploid (2n = 32). 

Ramets. Ramets (rooted stem cuttings) from the original plants and their 

regenerants were placed in 4O-mm by 0.2-m cylindrical containers containing 64.0 

± 1.6 g of a soil medium (2:3:3:4 ratio of peat, perlite, sand, and potting mix). For 

measurement of forage yield, ramets were grown in a greenhouse under 24 h 

fluorescent lighting where temperatures ranged from 15 to 28 0 C (Appendix B). 

All ramets were initially irrigated every 3 d with non-saline 0.25 strength Hoagland 
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solution (Hoagland and Arnon, 19SO). Shoots were clipped SO-mm above the 

crown and tissue discarded at 56, 84, and 112 d. At 147 d, forage was harvested 

from each ramet and weighed providing a measure of yield under non-saline 

conditions. All ramets were then irrigated every 3 d with 0.25 strength Hoagland 

solution plus 2.9 (SO mM) g lol NaCI. At 182 d, forage was harvested from each 

ramet and weighed to measure yield under NaCI stress. A randomized complete 

block design with a split-plot arrangement and seven replications was used. Main 

plots were salt levels and subplots were original-regenerant plant pairs (a single 

ramet of each). Comparisons of mean yields were made as before. 

Self progenies. A self progeny test was used to reduce the likelihood that 

measurement of NaCI tolerance was confounded by differences in productivity due 

to differences in root development of cuttings. Self seed were obtained by self 

pollinating flowers on original and regenerated plants by hand. Self seed from 

each plant (referred to as a S 1 family) was harvested and sown in individual 

progeny rows for evaluation. Self seed from each original and regenerant plant (S 1 

families) were sown in cylindrical containers prepared as before, covered with sand 

to a depth of 10-mm (Assadian and Miyamoto, 1987), and thinned to one plant per 

container 14 d after sowing. Evaluation of self progenies was conducted in a 

greenhouse under 24 h fluorescent lighting where temperatures ranged from 14 to 

28° C (Appendix B). Three salt levels, 0, SO, and, 100 mM NaCl, were imposed 

by irrigating seedlings with 0.035 L of 0.25 strength Hoagland solution plus 0 (0 

mM), 2.9 (SO mM), or 5.8 (100 mM) g Lo1NaCI every 3 to 5 d. Solution (effluent) 

flowing from 10 randomly selected containers per replicate was collected weekly 

and the osmotic potential determined with a vapor pressure osmometer. Forage 
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fresh weight (clipped SO-mm above the crown) was measured for each plant 63, 

97, 124, and 152 d post planting. A randomized complete block design with a 

split-plot arrangement and four replications was used with salt levels as main plots 

and Slfamilies (a single row of seven plants) as subplots. Comparisons of mean 

yields were made as before. To minimize salt accumulation, containers were 

flushed with approximately 0.1 L non-saline water immediately after each harvest 

(Noble et aI., 1984). This was immediately followed by irrigation with the saline 

nutrient solution. Mean salinity levels of effluent were equivalent to 82 ± 5 and 158 

± 7 mM NaCI for the 50 and 100 mM NaCI treatments, respectively. 

4·3 Results and Discussion 

Regen-S and Its Parental Cultivars 

Forage yield of plants of Saranac and DuPuits, but not of Regen-S, was 

depressed by the addition of 25 to 100 mM NaCI to hormone free SHII medium 

(Table 16). Regen-S showed apparent tolerance to NaCI as plants grew equally 

well in the 0 NaCI control and at 25, SO, 75, and 100 mM NaCllevels. Yields 

expressed as percent 0 NaCI were significantly higher for Regen-S at 75 and 100 

mM NaCI than in both of Saranac and DuPuits further indicating that unconscious 

selection during the production of Regen-S lead to improved NaCI tolerance. 

Analysis of explant donor-regenerant pairs would verify this premise. 

Original Plants and Regenerants 

Mean forage yield for ramets at 0 NaCI was similar for original plants and 

regenerants (Table 17). Differences in forage yield of regenerants relative to 

original plants ranged from - 41% (K 11-4) to + 106% (R 1-5) for the five plant pairs. 

In contrast, absolute f9rage yield at SO mM NaCI was significantly (P S; 0.01) higher 
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Table 16. 

Comparison 

Regen-S 
vs Saranac 
vs DuPults 

Regen-S 
vs Saranac 
vs DuPults 

66 

Effect of NaCllevel on mean forage yield, expressed in mg plant-1 

and as a % of 0 NaCl, In Regen-S and its parental cultivars, 
Saranac and DuPuits grown in agar for 42 days (n = 24 for each 
cultivar). 

o 

19.5 
21.2 
19.6 

25 

20.8 
17.4 
17.9 

NaCilevei (mM) 

50 

mg plant -1 dry weight 

18.3 
14.6 
19.2 

75 

20.7* 
10.8* 
14.4 

100 

20.9* 
10.6* 
12.7 

-----_____ % 0 NaCi 8 _________ _ 

100 
100 
100 

106 ± 15 
82 ± 9 
91 ± 11 

94 ±16 
69 ± 7 
98 ± 18 

106 ± 24 
51 ± 5 
74 ± 11 

107 ± 16 
50 ± 12 
65 ±10 

*. ** Indicates significance of contrast at the 0.05. and the 0.01 levels of probability. respectively. 

8 Mean ± standard error for four replicates . 
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Effect of NaCllevel on mean forage yield, expressed in mg plant-1 

and as a % of 0 NaCl, for ramets (stem cuttings) from five original
regenerant plant pairs grown in soil (n = 7 for each cultivar at the 
start of the experiment). 

NaO level (mM) 

Comparfson 0 50 50 

g plant -1 fresh weight % 0 NaC! a 

Original plants 1.45 0.78** 55 ±7 
vs Regenerants 1.41 1.04** 73 ±4 

CUF-6 1.30 1.11* 86 ±23 
vs CUF-6 Regen 1.53 1.46* 96 ±23 

CUF-A 1.42 1.01 71 ± 7 
vs CUF-A Regen 1.28 0.95 74 ±6 

KII-4 2.61** 1.06 40 ± 6 
vs K 11-4 Regen 1.53** 0.95 62 ± 7 

R 1-5 0.72* 0.34** 47 ± 19 
vs R 1-5 Regen 1.48* 1.04** 70 ± 6 

ST-N 1.11 0.42* 38 ± 6 
vs ST-N Regen 1.20 0.78* 65 ± 11 

*, ** Indicates significance of contrast at the 0.05, and the 0.01 levels of 
probability, respectively. 

8 Mean ± standard error for four replicates. 
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for the mean of all regenerants than in the original plants from which they were 

derived indicating improved NaCI tolerance. Regenerants produced 33% more 

forage than the original plants at 50 mM NaC', and differences in forage yield of 

regenerants relative to original plants ranged from - 6% (CUF-A) to +206% (R I

S) for the five plant pairs. Forage yield of regenerants also decreased less than the 

original plants at 50 mM relative to a mM NaCI for all five plant pairs (26 vs. 46%). 

Comparison of forage fresh yield of self progenies of original plants and 

regenerants indicates that in vitro culture generally depressed productivity under 

non-saline conditions (Table 18). This depression may be partially due to the 

combined effects of growth in culture and the inbreeding resulting from one 

generation of self pollination and was similar to that observed in proto clones 

derived from Regen-S (Johnson et aI., 1984). However, when the original

regenerant plant pairs were evaluated at 50 mM NaCl, significant (P S 0.05) yield 

depression in regenerants was apparent only in R 1-5. Indeed, regenerants of four 

of the five pairs (CUF-6, CUF-A, K 11-4, and ST-N) showed enhanced yield or no 

yield decline at 50 and 100 mM NaCI relative to their yield at a NaC!. Furthermore, 

the yields of self progenies of original plants and regenerants expressed as percent 

a NaCI revealed that culture under non-saline conditions enhanced forage yield at 

50 mM NaCI by an average 33% and by 25% at 100 mM NaCI (Table 18). 

Smith and McComb (1981) first reported improved salt tolerance in alfalfa 

plants derived from a population selected for improved regeneration in non-saline 

cultures (Regen-S). These data corroborate those of Smith and McComb and 

confirm that selection for improved callus growth and regeneration without added 

osmotic stress also affected the response of plants of Regen-S to osmotic stress . 
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Effect of NaCllevel on mean forage yield, expressed in mg plant-1 

and as a % of 0 NaCI, for self progenies from five original
regenerant plant pairs grown in soil (n=28 for each cultivar at the 
start of the experiment). 

NaCilevei (mM) 

Comparison 0 50 100 50 100 

g plant -1 fresh weight __ % 0 NaC! a __ 

Original plants 0.93** 0.99** 0.81* 110 ± 4 89 ± 3 
vs Regenerants 0.67** 1.00** 0.77* 146 ± 5 111 ± 3 

CUF.£ 1.00 1.06 0.79** 106 ± 8 79 ± 4 
vs CUF.£ Regen 0.85 1.22 0.85** 144 ± 8 100 ± 4 

CUF-A 1.03* 1.02 0.91 99 ± 9 88 ± 3 
vs CUF-A Regen 0.77* 1.12 0.84 146 ± 8 108 ± 3 

KII-4 1.00** 0.90* 0.70* 90 ± 7 70 ± 4 
vs K 11-4 Regen 0.67** 1.02* 0.69* 152 ± 9 103 ± 6 

R 1-5 0.88 1.12* 1.15* 128 ± 14 130 ± 10 
vs R 1-5 Regen 0.52 0.81* 0.64* 156 ± 22 124 ± 23 

ST-N 0.72** 0.96 0.71 133 ± 8 99 ± 5 
vs ST -N Regen 0.53** 0.73 0.72 138 ± 14 135 ± 11 

*, ** Indicates significance of contrast at the 0.05, and the 0.01 levels of probability, respectively. 

a Mean ± standard error for four replicates. 
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The results also demonstrate that Regen-S has higher salt tolerance than either 

of its parents, and provide evidence that the salt tolerance observed was due to 

passage through tissue culture. 

It is impossible to determine using these procedures whether the apparent 

increase in NaCI tolerance in Regen-S was due to the effects of selection In vitro 

or to the fortuitous choice of particularly salt-tolerant Saranac and DuPuits clones 

to initiate the breeding process. A !study of pairs of original plants and their 

regenerants would verify the effects of non-saline culture on the salt tolerance of 

regenerants. Four of the five different original-regenerant plant pairs in this 

research exhibited enhanced forage yield when tested at 50 and 100 mM NaCI. 

Increased stress productivity of whole plants of this magnitude has not been 

reported for alfalfa regenerants when NaCI is added to the culture media as part 

of an in vitro selection scheme (Stavarek et aI., 1980; McCoy, 1987b; Smith and 

McComb, 1983). The level of osmotic stress present in non-saline culture media 

such as SHU (approximately 205 mmol kg-1
) may provide a selection environment 

comparable in osmotic stress to that common in many saline agricultural areas. 

Furthermore, these increases in NaCI tolerance were achieved rapidly and simply 

without the use of long-term saline cultures, which have been associated with 

substantial negative somaclonal variation in previous In vitro selection studies 

(McCoy, 1987b). 
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CHAPTER 5 

REGISTRATION OF AZ-90NDC-ST NONDORMANT 
ALFALFA GERMPLASM WITH IMPROVED FORAGE 

YIELD IN SAUNE ENVIRONMENTS 

5-1 Introduction 
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AZ-90NDC-ST alfalfa (Medlcago sativa L) germplasm was released by the 

Arizona Agricultural Experiment Station in 1990. AZ-90NDC-ST is a broad-based, 

non dormant, alfalfa germplasm exhibiting increased forage production in 

greenhouse trials under conditions of moderate NaCI stress. AZ-90NDC-ST was 

derived from two cycles of phenotypic selection for increased forage yield under 

NaCI stress from AZ-88NDC, a composite nondormant germplasm (Smith and 

Fairbanks, 1989). AZ-90NDC-ST was developed to provide a source of 

non dormant alfalfa selected for increased forage production under moderate salt 

stress. 

5-2 Materials and Methods 

In November 1987 (Appendix 8),2500 seed of AZ-88NDC were germinated 

in 50 petri dishes each containing 50 seed and 4.5 ml of 60 mM NaCI (3.5 g L·1 

NaCI) saline solution. At 24 h, three seedlings from each dish were transplanted 

into individual 4O-mm by 0.2-m cylindrical containers containing equal amounts 

(64.0 ± 1.6 g) of a soil medium (2:3:3:4 ratio of peat, perlite, sand, and potting mix) 

and covered with sand to a depth of 10-mm (Assadian and Miyamoto, 1987). 

Seedlings were irrigated individually with 0.035 L of saline nutrient solution (0.25 

Hoagland solution plus 3.5 g L·1 NaCI [60 mM]) as needed (approximately every 

3 to 5 d). The saline nutrient solutions were stored in elevated 26 L carboys and 

plastic tubing was used to deliver the saline nutrient solution to each container by 
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gravity flow. Each container was thinned to one plant 14 d after transplanting. 

The established seedlings were consolidated to 784 containers and eight replicates 

each with 98 plants were designated. 

Forage produced by all plants was harvested (5O-mm stubble) and 

discarded at 77 d. Stem number and forage fresh weight was recorded for each 

plant after 112, 140, and 168 d growth. Screening was conducted in a greenhouse 

with 24 h fluorescent lighting at 19.8 ± 0.2 DC (Appendix B). Solution (effluent) 

flowing from 10 randomly selected containers per replicate was collected weekly 

and the osmotic potential determined with an osmometer. To minimize salt 

accumulation, containers were flushed with approximately 0.1 L non-saline water 

immediately after each harvest (Noble et al., 1984). This was immediately followed 

by irrigation with the saline nutrient solution. Mean salinity level during the 

screening period (November 1987 to May 1988) was equivalent to 106 ± 3 mM 

NaC!. 

In May 1988, independent culling levels (Hazel and Lush, 1942; Teuber and 

Phillips, 1988) were applied sequentially to forage fresh weight and stem number 

plant-1 (mean for harvests 2, 3, and 4) with intensity of selection, i=20%. The 

method saved 27.6% ([i] 0.8) of the plants with the highest fresh weight on 60 mM 

NaCl, then 72.5% ([i] 0.2) of the remaining plants with the highest stem number on 

60 mM NaCI were saved. This gave 80% weight to forage fresh weight and 20% 

weight to stem number planr1 in the selection process. The 152 plants that 

remained after selection (19 plants from each replicate) were randomly arranged 

and interpollinated by hand in the greenhouse. Equal amounts of seed (0.15 g 

seed planr1
) were bulked from 130 of the 152 interpollinated plants to form the 
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Syn-1 of the first cycle of selection. 

The screening procedure for cycle two was modified by planting five, dry, 

non-imbibed Syn-1 seeds per container. Containers were thinned to one plant 10 

d after planting. The established seedlings were consolidated to 819 containers 

and irrigated as before. Nine replicates each with 91 Syn-1 plants plus seven 

control plants from the Syn-1 generation of AZ-88NDC were designated. Seedling 

forage growth from all plants was harvested and discarded at 50 d. Stem number 

and forage fresh weight was determined for each plant after 77, 104, and 132 d 

growth as before. Screening was conducted in a greenhouse with 24 h fluorescent 

lighting at 22.8 ± 0.4 0 C (Appendix B). Salinity level was monitored and controlled 

as in cycle one. Mean salinity level of effluent during the screening period (August 

1988 to December 1988) was equivalent to 104 ± 3 mM NaCI. 

In January 1989, independent culling levels were applied sequentially to 

forage fresh weight and stem number plant-l(mean for harvests -2, -3, and -4) as 

before. The 162 plants that remained after selection (i = 20%; 18 from each 

replicate) were randomly arranged and interpollinated by hand in the greenhouse. 

Equal amounts of seed (0.5 g plant-l ) were bulked from 160 of the 162 

interpollinated plants to form the Syn-1 ofthe second cycle of selection, which was 

released as AZ-90NDC-ST. 

A randomized complete block design with four replications was used to 

evaluate forage yields of three populations: AZ-88NDC; Syn-1 generation of the 

first cycle of selection; and Syn-1 generation of the second cycle of selection (AZ-

9ONDC-ST). The experiment was conducted under four environments that were 

imposed by adding different amounts of NaCI to one-fourth Hoaglands solution. 

----------- ---
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The salt concentrations used were 0, 30, 60, and 80 mM NaCI. One replicate of 

Mesa-Sirsa, the parent cultivar of AZ-GERM SALT-I, and AZ-GERM SALT-II was 

included at each environment (Dobrenz et aI., 1989). In each environment, five, 

dry, non-Imbibed seeds of each population were planted in June 1989 (Appendix 

B) in containers (seven per population in each replicate) containing the same soil 

medium used in the selection program. Each container was thinned to two plants 

10 d after planting. Forage fresh weight harvested at 5O-mm was determined for 

each plant after 42, 71, and 98 d growth. Stem number per plant was measured 

at 98 d. Evaluation was conducted in a greenhouse under 24 h fluorescent lighting 

at 28.1 ± 0.2 • C (Appendix B). Salinity levels for all treatments were monitored 

and controlled as described for the selection program. Mean salinity levels of 

effluent for the evaluation period (June 1989 to October 1989) were equivalent to 

45 ± 2, 80 ± 5, and 114 ± 6 mM NaCI for the 30, 60, and 80 mM NaCI treatments, 

respectively. 

5-3 Results and Discussion 

A combined analysis of variance for data from all salt levels was conducted. 

The salt level X population interaction was not significant indicating that population 

performance was consistent over all salt levels for fresh forage yield. Total forage 

yield of AZ-90NDC-ST was consistently higher than AZ-88NDC in all environments: 

o mM NaCl, +18.8%; 30 mM NaCl, +4.9%; 60 mM NaCl, +13.1%; and 80 mM 

NaCl, + 13.3% (Table 19). Yield of the first cycle of selection did not differ 

Significantly from AZ-88NDC. Total forage yield of AZ-90NDC-ST was 52.8% higher 

than AZ-GERM SALT-II over all environments, and 4.SOA> higher than Mesa-Sirsa. 

These data indicate selection under moderate NaCI levels improved yield under 
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Table 19. Summary of alfalfa forage yield data for AZ-90NDC-ST, its parental 
populations (AZ-88NDC and Cycle-1), and Mesa-Sirsa and AZ-GERM 
SALT-II by harvest at four salt levels. 

NaClIeveI (mM) 

Population b 
'l(, of 

0 30 60 60 Mean AZ-88NDC 

g plant -I fresh weight 

Harvest 1 

AZ-88NDC O.9OtO.05 O.9OtO.04 O.74tO.Ol O.67tO.Ol O.8OtO.02 100 
Cycle. 1 O.92tO.05 O.77tO.04 O.74tO.Ol O.85tO.04 O.77tO.02 96 
Cycle.2 8 1.06tO.OS O.9OtO.04 O.79tO.Ol O.71tO.Ol O.86tO.02 10S 

Mesa·Slrsa 1.13tO.09 O.88tO.07 O.84tO.07 O.73tO.05 O.9OtO.04 
AZ·GERM SAL T·II O.85tO.07 O.74tO.10 O.64tO.07 O.66tO.OS O.73tO.04 

(Mean) 0.97tO.Ol O.85tO.02 O.75tO.02 0.68tO.02 

Ha!vest 2 

AZ-88NDC O.89tO.OS O.96tO.07 O.64tO.04 O.69tO.04 O.79tO.Ol 100 
Cycle·1 O.9StO.OS 0.B7tO.OS O.64tO.05 O.69tO.04 O.8OtO.Ol 101 
Cycle.2 8 1.OStO.OS 1.05tO.07 O.72t0.05 0.79tO.04 O.90tO.Ol 114 

Mesa·Slrsa 1.22tO.16 O.96tO.12 O.68tO.11 O.64to.o7 O.B7tO.07 
AZ·GERM SAL T·II O.61tO.07 O.57tO.09 0.59tO.07 O.setO.07 O.59tO.04 

(Mean) 0.97tO.04 O.93tO.Ol O.66tO.02 0.71tO.02 

Ha!vest 3 

AZ-88NDC 1.13tO.OS 1.38tO.10 O.83tO.07 O.75tO.06 1.02tO.04 100 
Cycle· 1 1.19tO.OS 1.23tO.09 O.91tO.OS O.77tO.06 1.OltO.04 101 
Cycle.2 8 1.37tO.11 1.48tO.11 O.99tO.OS 0.9Oto.o7 1.1BtO.OS 116 

Mesa·Slrsa 1.42tO.21 1.23tO.24 O.92tO.12 0.66tO.10 1.OS:t0.09 
AZ·GERM SALT·II O.64tO.11 O.6OtO.13 O.65tO.12 O.setO.07 O.62:tO.OS 

(Mean) 1.20tO.OS 1.3Ot0.06 O.89tO.14 0.78tO.Ol 

Total yield 

AZ-88NDC 2.93tO.19 3.27tO.19 2.21tO.13 2.11tO.11 2.62tO.OS 100 
Cycle· 1 3.09tO.16 2.B7tO.16 2.29tO.15 2.13tO.13 2.6OtO.OS 99 
Cycle.2 8 3.4StO.23 3.43tO.21 2.5OtO.15 2.39tO.13 2.95tO.10 113 

Mesa·Slrsa 3.78tO.40 3.08tO.39 2.44tO.29 2.02tO.20 2.B2tO.18 
AZ·GERM SALT·II 2.11tO.19 1.91tO.2B 1.88tO.20 1.B2tO.21 1.93tO.11 

(Overall mean) 3.13tO.10 3.09tO.10 2.31t0.07 2.17tO.06 

8 AZ.90NDCST 

bNo. of plants tested per population were: AZ-88NDC • 56, CycIe·1 • 56, CycIe·2 • 56, Mesa Slrsa .. 14, and AZ-GERM 
SALT·II .. 14. 

.- -- ------------------ -.--. 
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moderate salt stress but did not decrease forage yield in low or non-saline 

environments. In general, mean stem number plant-1decreased with increasing 

levels of NaCI (fable 20). Two cycles of selection for increased forage yield 

resulted in slightly lower mean stem numbers in AZ-90NDC-ST vs. AZ-88NDC. 

Winter growth and forage yield of AZ-90NDC-ST is similar to CUF 101 when grown 

at Tucson, AZ. No data on pest resistance of this germplasm is available. 

Seed of AZ-90NDC-ST will be provided upon written request and agreement 

to make appropriate recognition of its source as a matter of open record when the 

germ plasm contributes to the development of a new germplasm, cultivar, hybrid 

or strain cross. Seed requests should be directed to S. E. Smith, Dep. of Plant 

Sciences Univ. of Arizona, Tucson, AZ 85721. 

--- -- --------------- ---



Table 20. 

Population b 

AZ-88NDC 
Cycle. 1 
CycIe·2 8 

Mesa·Slrsa 
AZ·GERM SALT· II 

(Overall mean) 

a AZ.90NDC-ST 
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Summary of alfalfa stem numbers for AZ-90NDC-ST, its parental 
populations (AZ-88NDC and Cycle-1), and Mesa-Sirsa and AZ-GERM 
SALT-II for harvest 3 at four salt levels. 

HaClIeYeI (mM) 

%of 
o 30 60 80 Mean AZ-88NDC 

----______ Stem no. plant -1. ________ _ 

1.B7tO.11 
1.62tO.10 
1.93tO.12 

1.57tO.14 
1.36tO.13 

1.76tO.06 

2.D2t0.12 
1.7Ot0.10 
1.71t0.10 

1.46tO.14 
1.43tO.17 

1.76tO.06 

1.actO.11 
1.62t0.11 
1.54tO.08 

1.21t0.11 
1.69t0.21 

1.62t0.06 

1.45tO.08 1.78tO.05 100 
1.85tO.10 1.85tO.05 93 
1.49t0.01 1.67tO.05 94 

1.29t0.13 1.38tO.07 
1.29tO.13 1.44tO.08 

1.49tO.05 

bNo. of plants tested per population were: AZ-88NDC • 56, CycIe·1 II: 56, CycIe·2 • 56, Mesa Slrsa .. 14, and AZ·GERM 
SALT·II = 14. 

. .. - ._._._--------------- ---
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CONCLUSIONS 
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This research showed that selection for increased forage yield can be made 

at moderate NaCI levels in germplasm with ample variation for yield when grown 

in saline environments. Selection for Increased forage yield in non-saline 

conditions may eliminate potentially salt tolerant plants from a population. 

Selection for increased alfalfa forage yield in saline environments at early stages 

of development is not necessarily optimum. Selection methods that include each 

critical growth stage may be required to develop alfalfa cultivars with increased 

forage yield in saline environments. 

Practical, inexpensive and rapid procedures for the improvement of forage 

yield in alfalfa grown in saline environments resulted from this research. These 

procedures could be employed as part of applied, multiple-objective plant breeding 

programs. Findings from this research also define more clearly the intensities of 

salt stress that are agronomically realistic in basic studies of plant response to 

stress and in plant breeding programs. In addition, results of these selection 

experiments have helped to clarify the relationships between salt tolerance at 

different developmental stages. This information will be important in deSigning 

future plant breeding strategies to improve crop yields in saline environments, but 

may be most valuable to basic plant biologists investigating the genetic and 

physiological controls of salt tolerance. 

This research lead to the development an alfalfa germplasm exhibiting 

increased forage yield in non-saline and saline environments. This germplasm 

could prove useful in Mure plant breeding research and in studies of the 

--------_._ .... -- . - - .'--"---
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physiology and molecular biology of stress resistance. Furthermore, this 

germplasm may be especially valuable in studies of the specific physiological 

parameters correlated with stress resistance that could be used to greatly 

streamline breeding for salt tolerance. 

In the Mure, as salt tolerant alfalfas are developed for use in saline areas, 

it is important to recognize that salinity problems are very rarely self correcting. 

While the use of salt tolerant varieties may assist alfalfa growers in realizing 

increased quantities of forage when grown in saline soils, proper soil and irrigation 

management will be required to prevent the loss of these and additional acres from 

crop production even with salt tolerant varieties available. Efforts to develop similar 

screening methods for plant tolerance to acute salinity or drought stress should 

be studied. 



APPENDIX A 

CONVERSION FACTORS FOR DIFFERENT METHODS OF 
EXPRESSING AQUEOUS NACL AT 25· C TO EACH OTHER 
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Desired units Available units Multiple available units by 

Electrical conductivity 

mmhos em-l S m-1 1.0 X 101 

or dS m-1 mg L-1or ppm 1.5625 X 10-3 

9 L-1 1.5625 
% 1.5625 X 103 

mM 9.1317 X 10-2 

bar or atmosphere 2.7778 
MPa 2.7778 X 101 

S m-1 mmhos em -lor dS m-1 1.0 X 10-1 

mg L-1or ppm 1.5625 X 10-3 

9 L-1 1.5625 
% 1.5625 X 103 

mM 9.1317 X 10-2 

bar or atmosphere 2.7778 
MPa 2.7778 X 101 

Pressure 

Bar mmhos em -1 or dS m-1 -3.6 X 10-1 

or atmosphere S m-1 -3.6 
mg L-1or ppm -5.625 X 10-4 
9 L-1 -5.625 X 10-1 

% -5.625 X 102 

mM 3.2874 X 10-2 

MPa 1.0 X 101 

MPa mmhos em -lor dS m-1 -3.6 X 10-2 

S m-1 -3.6 X 10-1 

mg L-10r ppm -5.625 X 10-5 

9 L-1 -5.625 X 10-2 

% -5.625 X 101 

mM 3.2874 X 10-3 

bar or atmosphere 1.0 X 10-1 

(continued on next page) 

-------_._. ---
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APPENDIX A (Continued): 

Desired units Available units Multiple available units by 

Concentrations 

mg L-1 mmhos em -lor dS m-1 6.4 X 102 

or ppm S m-1 6.4 X 103 

9 L-1 1.0 X 103 

% 1.0 X 106 

mM 5.8443 X 101 

bar or atmosphere 1.7778 X 103 

MPa 1.7778 X 104 

9 L-1 mmhos em -lor dS m-1 6.4 X 10-1 

S m-1 6.4 
mg L-1 1.0 X 10-3 

% 1.0 X 103 

mM 5.8443 X 10-2 

bar or atmosphere 1.7778 
MPa 1.7778 X 101 

% mmhos em -lor dS m-1 6.4 X 10-4 
S m-1 6.4 X 10-3 

mg L-lor ppm 1.0 X 10-6 
9 L-1 1.0 X 10-3 

mM 5.8443 X 10-5 

bar or atmosphere 1.7778 X 10-3 

MPa 1.7778 X 10-2 

mM mmhos em -lor dS m-1 1.0951 X 101 

S m-l 1.0951 X 102 

mg L-lor ppm 1.7111 X 10-2 

9 L-1 1.7111 X 101 

% 1.7111 X 104 

bar or atmosphere -3.0419 X 101 

MPa -3.0419 X 102 

--------- --- --.. 
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APPENDIX B 

PLANTING AND HARVEST DATES (NO. DAYS GROWTH) 

Cycle-1 African and Sonora 
Greenhouse: West East Mod 3 
Study: Screening Evaluation Half-sibs 
Planted: 09-01-87 (0) 07-12-88 (0) 03-14-89 (0) 
Harvest-1: 10-27-87 (56) 09-06-88 (56) 04-24-89 (41) 
Harvest-2: 12-15-87 (105) 10-04-88 (84) 05-20-89 (67) 
Harvest-3: 01-19-88 (140) 11-01-88 (112) 06-17-89 (95) 
Harvest-4: 02-15-88 (167) 12-06-88 (147) NA 
Harvest-5: 03-22-88 (204) 01-17-89 (189) NA 

Cycle-2 African and Sonora 
Greenhouse: West Mod 3 Mod 3 
Study: Screening Evaluation Half-sibs 
Planted: 08-09-88 (0) 06-23-89 (0) 06-23-89 (0) 
Harvest 1: 09-27-88 (49) 08-03-89 (41) 08-02-89 (40) 
Harvest 2: 10-25-88 (77) 08-30-89 (68) 08-29-89 (67) 
Harvest 3: 11-22-88 (105) 09-27-89 (96) 09-26-89 (95) 
Harvest 4: 12-20-88 (133) 10-23-89 (122) NA 
Harvest 5: 01-18-89 (162) 11-20-89 (150) NA 

Development of AZ-90NDC-ST 
Greenhouse: West West Mod 3 
Study: Screening-1 Screening-2 Evaluation 
Planted: 11-20-87 (0) 08-10-88 (0) 06-26-89 (0) 
Harvest 1: 02-05-88 (77) 09-29-88 (50) 08-07-89 (42) 
Harvest 2: 03-11-88 (112) 10-26-88 (77) 09-05-89 (71) 
Harvest 3: 04-08-88 (140) 11-22-88 (104) 10-02-89 (98) 
Harvest 4: 05-06-88 (168) 12-20-88 (132) NA 

Regen-original pairs 
Greenhouse: Lab Mod 3 Mod 3 
Study: Regen-S Ramets Self-progenies 
Planted: 08-29-89 (0) 09-18-87 (0) 12-08-89 (0) 
Harvest 1: 10-10-89 (42) 11-13-87 (56) 02-09-90 (63) 
Harvest 2: NA 12-11-87 (84) 03-15-90 (97) 
Harvest 3: NA 01-08-88 (112) 04-11-90 (124) 
Harvest 4: NA 02-12-88 (147) 05-09-90 (152) 
Harvest 5: NA 03-18-88 (182) NA 

... - ---- --------------- --



APPENDIX C 

PROGRAM FOR RANKING GENOTYPES 
AND CALCULATION OF EXPECTED GAIN 

PROGRAM NAME: SELECT.SAS 
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LANGUAGE: SAS (Statistical Analysis Software, SAS Institute, 1987) 

PURPOSE: This program ranks plants based on their yield values in different 

populations screened under different salinity levels. It identifies the highest yielding 

plants for each treatment. It also gives approximate expected gain and percent 

gain values for each treatment. 

DESCRIPTION: This program reads phenotypic values for a trait from an input 

file, ranks genotypes from those having the largest scores to those having the 

smallest scores. First, identification numbers, data for the specified trait, and ranks 

are printed for the top 10 genotypes by population, salinity level, and replicate. 

Second, the program prints two summary tables that include: means and standard 

deviations for all plants by population and salinity level, and means for selected 

plants by population and salinity level. Fina"y, the program calculates and prints 

expected gain and percent gain values for each population and salinity level. 

Response per cycle (R) of individual plant selection was predicted by population 

and salt level as follows: R = i· h 2. a p 

where i = intensity of selection (i = 1.75); h2 = heritability on an individual basis; 

and a p = phenotypic standard deviation among individual plants. Percent gain (% 

G) per cycle of selection was calculated as follows: %G = R + Pm 

where Pm = phenotypic mean of among individual plants. A conservative 

heritability value (0.25) was used in the calculation of expected gain. 

""--" "-- ------------
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USER INSTRUCTIONS: This program can only be run In conjunction with SAS. 

Before the program is run the user must specify the name of the data file that 

contains the genotypes's identification and the phenotypic values for traits such as 

yield. The data file must have an ASCII format. The following lines may be altered 

for specific applications: 

line 3 use filename for your data set 

line 4 use input variables for your data set 

line 5 use desired index, e.g. change yt=y1 to yt= (y2+ y3)/2 

line 7 use desired variables in this and other by statements 

line 9 use desired variables in this and other var statements 

line 14 use desired selection number, e.g. ryt<21 selects 20 

line 44 use desired heritability, e.g. change 0.25 to 0.50 

SELECT.SAS LISTING: 

1 data a; 

2 options nodate non umber; 

3 infile 'filename'; 

4 input pop salt plant rep y1 y2 y3 y4 y5; 

5 yt=y1; 

6 proc sort; 

7 by pop salt rep; 

8 proc rank descending data = a out = b; 

9 var yt; 

10 ranks ryt; 

11 by pop salt rep; 

------------ ---
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12 data sel; 

13 set b; 

14 if ryt<11; 

15 proc means maxdec=4 data=sel noprint; 

16 var yt; 

17 by pop salt rep; 

18 proc sort; 

19 by pop salt rep; 

20 proc print data=sel; 

21 var pop salt plant yt ryt; 

22 by pop salt rep; 

23 title 'MEAN and RANK for SELECTED PLANTS'; 

24 proc means maxdec=4 data=a noprint; 

25 var yt; 

26 by pop salt; 

27 output out=x mean=mp std=sp; 

28 proc means maxdec = 4 data = sel noprint; 

29 var yt; 

30 by pop salt; 

31 output out=y mean=ms; 

32 proc sort data = x; 

33 by pop salt; 

34 proc print data = x; 

35 var pop salt mp sp; 

...... ----------... - . 
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36 title 'MEAN and STANDARD DEVIATION for POP and SALT'; 

37 proc sort data=y; 

38 by pop salt; 

39 proc print data = y; 

40 var pop salt ms; 

41 title 'MEAN for SELECTED PLANTS'; 

42 data gain; 

43 merge x y; 

44 R = 1. 75*sp*O.25; 

45 PG=R/mp; 

46 proc print data=gain; 

47 var pop salt R PG; 

48 title 'RESPONSE and PERCENT GAIN by POP and SALT'; 

49 run; 

50 quit; 
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APPENDIX D 

PROGRAMS FOR CALCULATING REALIZED HERITABILITY 

PROGRAM NAMES: REALHER1.SAS and REALHER2.SAS 

LANGUAGE: SAS (Statistical Analysis Software, SAS Institute, 1987) 

PURPOSE: Together these programs calculate realized heritability based on 

yield values of plants grown at different salinity levels. REALHER1.SAS 

calculates mean yield values for the original population, selected parents, and 

the progeny for each treatment in each replicate. REALHER2.SAS calculates 

realized heritability using the values derived from REALHER1.SAS. 

DESCRIPTION: REALHER1.SAS reads phenotypic values for a trait from an 

input file, then it calculates and prints progeny means for the specified trait by 

population, salinity level, and replicate. Second, REALHER1.SAS calculates and 

prints original population means for the specified trait by population, salinity 

level, and replicate. Third, REALHER1.SAS calculates and prints parent means 

by population, salinity level, and replicate by simulating selection of parents. All 

means are then put into a new data file by cycle, population, salinity level, and 

replicate. REALHER2.SAS is used to calculate and print realized heritability by 

cycle, population, salinity level, and replicate. REALHER2.SAS then calculates 

the mean and standard error for realized heritability by cycle, population, and 

salinity level. Realized heritability (RH) is calculated as follows: 

RH = (progeny mean - original population mean) / (parents mean - original 

population mean). 

USER INSTRUCTIONS: These programs can only be run In conjunction with 

------------------- --



SAS. Before either program is run the user must specify the name of the data 

file that contains the genotypes's Identification and the phenotypic values for 

traits such as yield. The data file must have an ASCII format. The following 

lines may be altered for specific applications: 

line 3 use filename for your data set 

line 4 use input variables for your data set 

line 7 use desired variables in this and other by statements 

line 6 use desired treatment natTles 

REALHER1.SAS LISTING: 

1 data a; 

2 options nodate nonumber; 

3 infile 'filename'; 

4 input rep salt pop cone plant y1 y2 y3 y4 y5; 

5 yt = (y1 +y2+y3+y4+y5)/5; 

6 if salt = 1 then salt1 = ' 0 mM'; 

7 if salt = 2 then salt1 = '30 mM'; 

8 if salt = 3 then salt1 = '60 mM'; 

9 if salt = 4 then salt1 = ' 80 mM'; 

10 if salt = 5 then salt1 = '125 mM'; 

11 if salt = 5 then delete; 

12 if pop = 1 then pop1 = 'A '; 

13 if pop = 2 then pop1 = 'AC1 '; 

14 if pop = 3 then pop1 = 'AC2'; 

15 if pop = 4 then pop1 = 'A 0'; 

---------- ----
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16 if pop = 5 then pop1 = 'A30'; 

17 if pop = 6 then pop1 = 'ABO'; 

18 if pop = 7 then pop1 = 'ABO'; 

19 if pop = 8 then pop1 = 'S '; 

20 if pop = 9 then pop1 = 'SC1'; 

21" if pop = 10 then pop1 = 'SC2'; 

22 if pop = 11 then pop1 = 'S 0'; 

23 if pop = 12 then pop1 = '830'; 

24 if pop = 13 then pop1 = '860'; 

25 if pop = 14 then pop1 = 'SBO'; 

26 if pop = 1 then delete; 

27 if pop = 2 then delete; 

28 if pop = 3 then delete; 

29 if pop = 8 then delete; 

30 if pop = 9 then delete; 

31 if pop = 10 then delete; 

32 proc sort data = a; 

33 by pop salt rep; 

34 proc means mean stderr maxdec=2 data=a noprint; 

35 var yt; 

36 by pop salt rep; 

37 output out=x mean = progeny; 

38 run; 

39 data b; 

.-------.-. ----
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40 options nociate nonumber; 

41 infile 'filename'; 

42 input rep salt pop cone plant y1 y2 y3 y4 y5; 

43 yt = (y3+y4+y5)/3; 

44 if salt = 1 then salt1 = ' a mM'; 

45 if salt = 2 then salt1 = ' 30 mM'; 

46 if salt = 3 then salt1 = '60 mM'; 

47 if salt = 4 then salt1 = ' 80 mM'; 

48 if salt = 5 then salt1 = '125 mM'; 

49 if salt = 5 then delete; 

50 if pop = 1 then pop1 = 'A '; 

51 if pop = 2 then pop1 = 'AC1 '; 

52 if pop = 3 then pop1 = 'AC2'; 

53 if pop = 4 then pop1 = 'A 0'; 

54 if pop = 5 then pop1 = 'A30'; 

55 if pop = 6 then pop1 = 'A60'; 

56 if pop = 7 then pop1 = 'ABO'; 

57 if pop = 8 then pop1 = 'S '; 

58 if pop = 9 then pop1 = 'SC1 '; 

59 if pop = 10 then pop1 = 'SC2'; 

60 if pop = 11 then pop1 = 'S 0'; 

61 if pop = 12 then pop1 = '530'; 

62 if pop = 13 then pop1 = '560'; 

63 if pop = 14 then pop1 = 'sao'; 
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64 if pop = 2 then delete; 

65 if pop = 3 then delete; 

66 if pop = 4 then delete; 

67 if pop = 5 then delete; 

68 if pop = 6 then delete; 

69 if pop = 7 then delete; 

70 if pop = 9 then delete; 

71 if pop = 10 then delete; 

72 if pop = 11 then delete; 

73 if pop = 12 then delete; 

74 if pop = 13 then delete; 

75 if pop = 14 then delete; 

76 proc sort data = b; 

77 by pop salt rep; 

78 proc rank descending data = b out = c; 

79 var yt; 

80 ranks ryt; 

81 by pop salt rep; 

82 run; 

83 data sel; 

84 set c; 

85 if ryt<4; 

86 run; 

87 proc means mean stderr maxdec = 2 data = b noprint; 
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88 var yt; 

89 by pop salt rep; 

90 output out = y mean = origpop; 

91 title 'MEAN for POP, SALT and REP'; 

92 proc means mean stderr maxdec=2 data=sel noprint; 

93 var yt; 

94 by pop salt rep; 

95 output out=z mean = parents; 

96 title 'MEAN for PARENTS'; 

97 run; 

98 proc sort data=x; 

99 by pop salt rep; 

100 proc print data = x; 

101 var pop salt rep progeny; 

102 title 'MEAN of PROGENY for POP SALT and REP'; 

103 run; 

104 proc sort data =y; 

105 by pop salt rep; 

106 proc print data = y; 

107 var pop salt rep origpop; 

108 title 'MEAN of POPULATION for POP SALT and REP'; 

109 run; 

110 proc sort data = z; 

111 by pop salt rep; 
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112 proc print data = z; 

113 var pop salt rep parents; 

114 title 'MEAN of PARENTS for POP SALT and REP'; 

115 run; 

116 quit; 

REALHER2.SAS LISTING: 

1 data a; 

2 options nodate nonumber; 

3 infile 'filename'; 

4 input cycle pop salt rep progeny origpop parents; 

5 if salt = 1 then salt1 = ' 0 mM'; 

6 if salt = 2 then salt1 = ' 30 mM'; 

7 if salt = 3 then salt1 = '60 mM'; 

8 if salt = 4 then salt1 = ' 80 mM'; 

9 if pop = 4 then pop1 = 'A 0'; 

10 if pop = 5 then pop1 = 'A30'; 

11 if pop = 6 then pop1 = 'A60'; 

12 if pop = 7 then pop1 = 'ASO'; 

13 if pop = 11 then pop1 = 'S 0'; 

14 if pop = 12 then pop1 = '830'; 

15 if pop = 13 then pop1 = '860'; 

16 if pop = 14 then pop1 = 'S80'; 

17 rh = (progeny - origpop) / (parents - origpop); 

18 proc sort; 

--.. _- ---------------- --
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19 by cycle pop1 salt1 rep; 

20 proc print; 

21 var cycle pop1 salt1 rep rh; 

22 proc sort; 

23 by cycle pop1 saft1; 

24 proc means mean stderr maxdec = 2; 

25 class cycle pop1 sa1t1; 

26 var progeny origpop parents rh; 

27 run; 

28 quit; 

-----.-.-.- .... _-



APPENDIX E 

PROGRAMS FOR CALCULATING BROAD-SENSE AND NARROW-SENSE 
HERITABILITY AND GENETIC CORRELATION COEFFICIENTS 

PROGRAM NAMES: GENETIC1.SAS and GENETIC2.SAS 
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LANGUAGE: SAS (Statistical Analysis Software, SAS Institute, 1987) 

PURPOSE: Together these programs calculate broad-sense and narrow-sense 

heritability and genetic correlation for traits measured in different half-sib families 

from populations grown at different salinity levels. GENETIC1.SAS is used to 

calculate mean squares for each treatment by using the ANOVA shown 

previously in Table 11. GENETIC2.SAS calculates the various genetic 

parameters using mean squares derived from GENETIC1.SAS. GENETIC2.SAS 

also calculates approximate standard errors for these genetic estimates. 

DESCRIPTION: GENETIC1.SAS reads phenotypic values for a trait from an 

input file and calculates mean squares for each treatment by analysis of 

variance. To calculate heritability estimates, ANOVAS are done for each 

character independently and mean squares recorded. To calculate genetic 

correlation estimates, ANOVAS are done using the product of two characters 

and mean squares recorded. The mean squares must be put into a new data 

file by hand. This data file should include appropriate treatment codes along 

with the mean square values. GENETIC2.SAS is then used to calculate 

heritability values and genetic correlation coefficients by population, salinity level, 

and cycle of selection. 

USER INSTRUCTIONS: These programs can only be run in conjunction with 

SAS. Before either program is run the user must specify the name of the data 



file that contains the genotypes's identification and the phenotypic values for 

traits such as yield. The data file must have an ASCII format. The following 

lines may be altered for specific applications: 

line 3 use filename for your data set 

line 4 use input variables for your data set 

line 5 use desired index, e.g. change u=y1*y2 to u=y2*y3 

line 7 use desired variables in this and other by statements 

line 10 use desired ANOVA model 

GENETIC1.SAS LISTING: 

1 data a; 

2 options nodate nonumber; 

3 infile 'filename'; 

4 input pop family plant salt rep rl tl s1 y1 s2 y2 s3 y3; 

5 u=y1*y2; 

6 proc sort; 

7 by pop salt; 

8 proc anova; 

9 class pop family plant rep; 

10 model u = rep family rep *family plant(rep*family); 

11 by pop salt; 

12 test h = rep family e = rep*family; 

13 test h= rep*family e= plant(rep*family); 

14 run; 

15 quit; 

--- -- ------------
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GENETIC2.SAS LISTING: 

1 data a; 

2 options nodate non umber; 

3 infile 'filename'; 

4 • •••••••••••••••••••••••••• , 
5 • definition of variables •• , 
6 • cycle = cycle 1 or 2 •• , 

7 • pop=AC1 or ABO •• , 

8 • saJt=O or 80 mM NaCI •• , 

9 • s = number of families •• , 

10 • n = number of individuals per family •• , 

11 • r = number of replications •• , 

12 • •• , 

13 • definition of characters •• , 

14 • w = radical length •• , 

15 • x = forage yield harvest 1 •• , 
16 • Y = forage yield harvest 2 •• , 
17 • z = forage yield harvest 3 •• , 

18 • •• , 

19 • definition of variances •• , 
20 • F=family •• , 
21 • E =family·rep •• , 

22 • W = plant(family*rep) •• , 
23 * * * * * * * * •• * * • * * * * •• * * * • * ••. , 
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24 input cycle pop salt s n r Fw Ew Ww 

25 Fx Ex Wx 

~ Fy Ey ~ 

27 Fz Ez Wz 

28 Fwx Ewx Wwx 

29 Fwy Ewy Wwy 

30 Fwz Ewz Wwz 

31 Fxy Exy Wxy 

32 Fxz Exz Wxz 

33 Fyz Eyz Wyz; 

34 if pop = 1 then pop1 = 'AC1'; 

35 if pop = 2 then pop1 = 'ABO'; 

36 if salt = 1 then salt1 = '0 '; 

37 if salt = 2 then salt1 = '80'; 

38 Vww = (ww); 

39 Vw = (ew-Vww) / (n); 

40 Vfw = (fw-ew) / (r*n); 

41 Vwx = (wx); 

42 Vx = (ex-Vwx) / (n); 

43 Vfx = (fx-ex) / (r*n); 

44 Vwy = (wy); 

45 Vy = (ey-Vwy) / (n); 

46 Vfy = (fy-ey) / (r*n); 

47 Vwz = (wz); 
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48 Vz = (ez-Vwz) / (n); 

49 Vfz = (fz-ez) / (r*n); 

50 Fcovwx = 0.5 * (fwx-fw-fx); 

51 Ecovwx = 0.5 * (ewx-ew-ex); 

52 Wcovwx = 0.5 * (wwx-ww-wx); 

53 Fcovwy = 0.5 * (fwy-fw-fy); 

54 Ecovwy = 0.5 * (ewy-ew-ey); 

55 Wcovwy = 0.5 * (wwy-ww-wy); 

56 Fcovwz = 0.5 * (fwz-fw-fz); 

57 Ecovwz = 0.5 * (ewz-ew-ez); 

58 Wcovwz = 0.5 * (wwz-ww-wz); 

59 Fcovxy = 0.5 * (fxy-fx-fy); 

60 Ecovxy = 0.5 * (exy-ex-ey); 

61 Wcovxy = 0.5 * (wxy-wx-wy); 

62 Fcovxz = 0.5 * (fxz-fx-fz); 

63 Ecovxz = 0.5 * (exz-ex-ez); 

64 Wcovxz = 0.5 * (wxz-wx-wz); 

65 Fcovyz = 0.5 * (fyz-fy-fz); 

66 Ecovyz = 0.5 * (eyz-ey-ez); 

67 Wcovyz = 0.5 * (wyz-wy-wz); 

68 CovAwx = (Fcovwx-Ecovwx) / (r*n); 

69 CovAwy = (Fcovwy-Ecovwy) / (r*n); 

70 CovAwz = (Fcovwz-Ecovwz) / (r*n); 

71 CovAxy = (Fcovxy-Ecovxy) / (r*n); 
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72 CovA>a. = (Fcovxz-Ecovxz) / (r*n); 

73 CovAyz = (Fcovyz-Ecovyz) / (r*n); 

74 Hbw = (Vfw) / «(Vww)/(r*n) + (Vw/r) + (Vfw»; 

75 Hbx = (Vfx) / «(Vwx)/(r*n) + (Vx/r) + (Vtx»; 

76 Hby = (Vfy) / «(Vwy)/(r*n)+ (Vy/r) + (Vfy»; 

77 Hbz = (Vfz) / «(Vwz)/(r*n)+ (Vz/r) + (Vfz»; 

78 eHbw = (32*Hbw) / (s*n*r); 

79 eHbx = (32*Hbx) / (s*n*r); 

80 eHby = (32*Hby) / (s*n*r); 

81 eHbz = (32*Hbz) / (s*n*r); 

82 Hnw = (4*Vfw) / (Vfw+ Vw+ Vww); 

83 Hnx = (4*Vtx) / (Vtx+ Vx+ Vwx); 

84 Hny = (4*Vfy) / (Vfy+ Vy+ Vwy); 

85 Hnz = (4*Vfz) / (Vfz+Vz+Vwz); 

86 eHnw = (32*Hnw) / (s*n*r); 

87 eHnx = (32*Hnx) / (s*n*r); 

88 eHny = (32*Hny) / (s*n*r); 

89 eHnz = (32*Hnz) / (s*n*r); 

90 GCwx = (CovAwx) / ABS(4*Vfw*4*Vtx)**0.5; 

91 GCwy = (CovAwy) / ABS(4*Vfw*4*Vfy)**0.5; 

92 GCwz = (CovAwz) / ABS(4*Vfw*4*Vfz)**0.5; 

93 GCxy = (CovAxy) / ABS(4*Vtx*4*Vfy)**0.5; 

94 GCxz = (CovAxz) / ABS(4*Vtx*4*Vfz)**0.5; 

95 GCyz = (CovAyz) / ABS(4*Vfy*4*Vfz)**0.5; 
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96 eGCwx = «1-(GCwx)**2)/«2)**0.5» * 

(ABS«ABS(eHnw)**0.5*ABS(eHnx)**0.5)/(Hnw*Hnx»**0.5); 

97 eGCwy = «1-(GCwy)**2)/«2)**0.5» * 

(ABS«ABS(eHnw)**0.5*ABS(eHny)**0.5)/(Hnw*Hny»**0.5); 

98 eGCwz = «1-(GCwz)**2)/«2)**0.5» * 

(ABS«ABS(eHnw)**O.5*ABS(eHnz)**0.5)/(Hnw*Hnz»**0.5); 

99 eGCxy = «1-(GCxy)**2)/«2)**0.5» * 

(ABS«ABS(eHnx)**0.5*ABS(eHny)**0.5)/(Hnx*Hny»**0.5); 

100 eGCxz = «1-(GCxz)**2)/«2)**0.5» * 

(ABS( (ABS(eHnx) **0.5* ABS(eHnz) **0.5) / (Hnx*Hnz» **0.5); 

101 eGCyz = «1-(GCyz)**2)/«2)**0.5» * 

(ABS«ABS(eHny)**0.5*ABS(eHnz)**0.5)/(Hny*Hnz»**0.5); 

1 02 proc sort; 

103 by pop1 salt1 cycle; 

104 proc print noobs; 

105 var pop1 salt1 cycle Vfw Vw Vww Vfx Vx Vwx; 

1 06 title 1 ' --------------------------------------------------------------------------------' ; 

107 title2 'Family, Error, and Wrthin Variance Estimates'; 

1 08 title3 ,------------------------------------------------------------------------, ; 

109 proc print noobs; 

110 var pop1 salt1 cycle Vfy Vy Vwy Vfz Vz Vwz; 

111 title 1 ' '; 

112 proc print noobs; 

113 var pop1 salt1 cycle CovAwx CovAwy CovAwz CovAxy CovAxz 

------------------- ----
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CovAyz; 

114 title1 ' '; 

115 title2 ' '; 

116 title3 '------------.-•••• - •••••• --.-•••• '; 

117 title4 'Additive Covariance Estimates'; 

118 titleS ' •• -.--.-•. --------... ,--•• - •••••••••• - •••••••• '; 

119 proc print noobs; 

120 var pop1 salt1 cycle Hbw Hbx Hby Hbz; 

121 title1 ' '; 

122 title2 ' '; 

123 title3 ' ••••••••••••••••••••••••••••••• --•••••• - ••••••••••••••••••••••••••••••••••• '; 

124 title4 'Broadsense Heritability Estimates'; 

125 titleS , •••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• '; 

126 proc print noobs; 

127 var pop1 salt1 cycle eHbw eHbx eHby eHbz; 

128 title1 ' '; 

129 title2 ' '; 

130 title3 ,-•••••••••• --••••••• - ••• - •••••••••••••••••••••••••••••••••••••••••••••••••• '; 

131 title4 'Sampling Variance of Broadsense Heritability Estimates'; 

132 titleS , •••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• '; 

133 proc print noobs; 

134 var pop1 salt1 cycle Hnw Hnx Hny Hnz; 

135 title1 ' '; 

136 title2' '; 

--------.~~ -~.- ~- .. ---~---
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137 titleS ,------------- '. .. ~----------------.- , 

138 title4 'Narrowsense Heritability Estimates'; 

139 titleS ,--------------.-. _ .• _ .. _ .. _ •• _--_.'; 

140 proc print ncobs; 

141 var pop1 salt1 cycle eHnw eHnx eHny eHnz; 

142 title1 ' '; 

143 title2 ' '; 

144 title3 ,------------------------------------------------------------------------------'; 

145 title4 'Sampling Variance of Narrowsense Heritability Estimates'; 

146 title5 ,------------------------------------------------------------------------------'; 

147 proc print noobs; 

148 var pop1 salt1 cycle GCwx GCwy GCwz GCxy GCxz GCyz; 

149 title1 ' '; 

150 title2 ' '; 

151 title3 ,--------------------------------------------------------------------------------'; 

152 title4 'Genetic Correlation Estimates'; 

153 title5 ,--------------------------------------------------------------------------------'; 

154 proc print noobs; 

155 var pop1 salt1 cycle eGCwx eGCwy eGCwz eGCxy eGCxz eGCyz; 

156 title1 ' '; 

157 title2 ' '; 

1~ title3 ,------------------------------------------------------------------------------'; 

159 title4 'Sampling Variance of Genetic Correlation Estimates'; 

160 title5 ,-------------------------------------------------------------------------------'; 

--------.-- --- . - - ---------
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161 run; 

162 quit; 
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