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S u m m a r y 

A review of recent work on the chromosomal location and expression of genes 
encoding moderately abundant , presumably non-storage endosperm proteins from 
wheat, barley and rye is presented. Related aspects, such as regulatory genetic 
effects, in vivo and in vitro synthesis, types of processing, deposition sites, and 
molecular cloning are also discussed. The relevance of these studies in connection 
with basic endosperm biology, genetic manipulation of quality and agronomic 
trai ts , and the evolution of these impor tant crops is briefly emphasized. 

Introduct ion 

The purpose of this paper is to review some recent findings, together with previous-
ly published work, concerning the genetics and molecular biology of different types 
of low molecular weight proteins, which are moderately abundant in the cereal 
endosperm, but are not typical storage proteins by a number of criteria. The s tudy 
of these proteins is of interest in connection with the achievement of a more com­
plete understanding of endosperm biology, which will be required in future genetic 
manipulations of the composition of this tissue. Knowledge of the chromosomal 
location of genes encoding these proteins has also allowed their use as biochemical 
chromosome markers in the interspecific transfer of genes controlling agronomic 
trai ts , such as resistance to certain diseases (see RODRIGUEZ-LOPERENA et al. 
1975b; H A R T et al. 1976; D E L I B E S et al. 1981; DOUSSINAULT et al. 1983). Certain 
of these proteins have been of diagnostic valué in relation to the study of the origin 
and evolution of cereal species ( JOHNSON and H A L L 1965; H A L L et al. 1966; 
JOHNSON 1972, 1975; SALCEDO et al. 1984). The general features of endosperm 
protein composition have been found to be quite similar in many of the cereal 
species investigated. Therefore, this review will not berestr icted to wheat, but will 
intégrate information concerning other Gramineae, specially barley and rye. 



T y p e s of p r o t e i n s i n v e s t i g a t e d 

The albumin and globulin fractions of cereals are made up of over 20 major and 
m a n y minor components , most of which are under 25,000 molecular weight and are 
included in the main peak of a typical gel filtration profile (CALDWELL and 
K A S A R D A 1978; SALCEDO et al. 1980b; R A H M A N et al. 1982). 

The complexi ty of these fractions has made difficult to s tudy the genetic control 
of m a n y of their individual components b y one-dimensional electrophoresis or 
electrofocusing. This has led to the development of different procedures to par t ia l ly 
purify or selectively extract subsets of proteins and to the application of a var ie ty 

of two-dimensional separation methods 
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Fig. 1 Two-dimensional fractionation by 
combined non-equil ibrium pH-grad ien t 

M (4—9) electrophoresis x electrophoresis p H 
3.2 of proteins ex t rac ted by 0.5 M NaCl from 
the endosperms of wheat , barley, and rye. 

I** «á# Chromosomes where t h e genes encoding 
different components of t he two-dimensional 
map are indicated in the figures ( F R A - M O N 

-pH-GRADIENT(4-9)ELECTR0PH0RESIS-»- e t . al. 1984) 



Petroleum ether extracts of cereal endosperms include two types of proteins, 
the thionins (see GARCÍA-OLMEDO et al. 1982) and the lipid binding proteins 
(LBP), both of which are also extracted with 0.5 M NaCl (PONZ et al. 1984). 

EXTRACTANT TYPE OF PROTEINS 

0.5 M NaCl ^.ALBUMINS & GLOBULINS 
70% e t h a n o l — .-^.NGE-PROTEINS ^_ 
Cl3CH/MeOH 2 /1 ( v / v ) i • L-^CM-PROTEINS .4. 

L > L^.LMW-PROLAMINS 
P e t r o l e u m e t h e r j-^-THIONINS -4-

( b . p . 60 -70°C) L^.LBP 4. 

lüdc 
Fig. 2 Relationships among the 
types of proteins extracted with 
different solvents from the endo­
sperms of wheat, barley, and rye 

Genetic variability and evolutionary impl icat ions 

In contrast with the considerable intraspecific variability of the main storage 
prolamins (DOEKES 1968; DOLL and BROWN 1979; SHEWRY et al. 1979), most of 
the types of proteins described above show little intraspecific and even interspecific 
variability. For this reason, these proteins have been useful in the elucidation of 
genome relationships and the analysis of phylogenetic affinities in the Triticineae. 

The electrophoretic analysis of the low molecular weight components of the 
70 % ethanol extracts of kernel proteins was used by JOHNSON and coworkers 
(JOHNSON and H A L L 1965; H A L L et al. 1966; JOHNSON, 1972, 1975) in their exten-
sive studies on the origin of the alloploid Triticineae. 

The CM-proteins, which are included in the previous group, have been found 
to be quite invariant in wheat and barley. In bread-wheat (Trüicum aestivum L.), 
protein CM 1 was found to be invariant, while it was absent in tetraploid wheat 
cultivars (T. durum Desf.), which are the adequate ingredient for pasta producís, 
and this protein was used for the detection of the fraudulent use of hexaploid 
wheat to elabórate these products (GARCÍA-OLMEDO and GARCIA-FAURE 1969). 
Proteins CM 2 and CM 3 have been found to be invariant among tetraploid and 
hexaploid wheat cultivars, except for two closely related tetraploid ones tha t 
presented an allelic variant of CM 3, designated CM 3' (GARCÍA-OLMEDO and 
GARCIA-FAURE 1969; RODRIGUEZ-LOPERENA et al. 1975a; SALCEDO et al. 

Table 1 -
Variability of CM-proteins in Hordeum vulgare and H. spontaneum 

Variant Protein N° of Samples 
H. vulgare H. spontaneum 

CMa-1 
CMa-2 
CMb-1 
CMb-2 
CMb-3 
CMc-1 
CMc-2 
CMd-1 
CMe-1 
CMe-2, 2' 
CMe-3 

38 
0 

30 
7 
1 

38 
0 

38 
21 
17 

0 

13 
4 

15 
1 
1 

16 
1 

17 
8 
7 
2 



1978). In a recent s tudy (SALCEDO et al. 1984),* proteins CMa-1, CMc-1, and CMd-1 
were íound to be invariant among Hordeum vulgare cultivars, the la t ter being 
invariant among Hordeum spontaneum accessions (Fig. 3 and Table 1). Certain 
variants of CMb-1 and CMe-1 seem to be restricted to H. vulgare and H. spontaneum 
samples from Morocco and to cultivars with possible Moroccan origin. This has 
led to speculate t ha t a domestication event possibly occurred in t h a t área 
(MOLINA-CANO et al. in preparat ion) . 

In a survey of Aegilops-Triticum species, CARBONERO and G A R C Í A - O L M E D O 

(1969) observed little variabil i ty and a certain genome specificity for the thionins. 
Subsequent sequence studies have confirmed these findings (for a review, see 
GARCÍA-OLMEDO et al. 1982). The amino acid sequence of /?-thionin has not 
changed in the evolution from diploid to hexaploid wheat and, in fact, there is 
considerable homology between thionins in cereals and similar proteins in very 
dis tant taxa, such as the viscotoxins of mistletoe (Viscum álbum) and crambin 
from Crambe abyssinica. 

Considerable variabil i ty was observed for the low molecular weight gliadins 
among tetraploid and hexaploid wheat cultivars, a l though they were not as 
variable as the classical gliadins (SALCEDO et al. 1980a). 

The variabil i ty of LBPs has not been investigated, but P O N Z et al. (1984) have 
found cióse homology between the LBPs of wheat and oats. 

C h r o m o s o m a l locat ions of g e n e s encoding l o w m o l e c u l a r 
w e i g h t prote ins in w h e a t and related spec i e s 

A considerable number of genes encoding proteins alluded in this review have 
been assigned to their corresponding chromosomes by aneuploid genetic analysis. 
A summary of previously published information is given in Table 2 (for a detailed 
review, see G A R C Í A - O L M E D O et al. 1982). More recent work along this line has 
dealt with the chromosomal location of genes encoding salt-soluble proteins in 
wheat , rye and barley ( F R A - M O N et al., 1984) and of genes encoding CM-proteins 
in barley (SALCEDO et al. 1984). 

The 0.5 M NaCl ext rac ts of the nulli-tetrasomic series of Chinese Spring wheat , 
the Imperial rye/Chinese Spring wheat addition lines, and the Betzes bar ley/ 
Chinese Spring addition lines were analyzed by two-dimensional p H gradient 
(4—9) polyacrylamide gel electrophoresis X starch-gel electrophoresis (pH 3.2) as 
indicated in Fig. 1. Genes for 17 of the most prominent components of the wheat 
two-dimensional m a p have been assigned to 12 different chromosomes. In 9 of the 
cases (2 proteins associated with chromosome 3B, 1 with 3D, 1 with 4A, 1 with 4D, 
1 with 6B, 1 with 6D, 1 with 7B, 1 with 7D), the genes had been previously located 
using more selective protein extract ion procedures (GARCÍA-OLMEDO and 
CARBONERO 1970; ARAGONCILLO et al. 1975). The remaining four cases (1 protein 
in I B , 1 in 5B, 2 in 7D) correspond to new assignments. Additionally, it has been 
observed, t ha t group 2 chromosomes affect the expression level of 4 more proteins. 
Genes encoding a number of minor components have been also tenta t ive ly located. 

Due to the complexity of the background of wheat proteins, a smaller number 
of m a p components of rye and barley, have been assigned through the analysis of 



Table 2 
Summary of chromosomal locations of genes for non-storage endosperm proteins from 
wheat and related species 

Type of protein+ Refe- Chromosome homoeology group N°* 
(Separation ren- 1 2 3 4 5 6 7 
method) ces + + 

A (2?) 

Thionins (E) a AL(1) 
BL(1) 
DL(1) 
R L (1) 

(low mol. wt.) 

( E X I E F ) 

CM-proteins 
( E X I E F ) 

Globulins (E) 

Albumins (imm) 
Buffer sol. 
(IEF) 

0.5 M NaCl 
(EXE) 

LMWG ( E x E ) 

c 

c 

d 
e 
f 

g 
h 

e 

i 

B ( l ? ) 

B ( l ) 

R ( l ) 

.-

£}(4?) 

R ( l ) 

D ( l ) 

BS(2) 
DS(1) 
AgS (1) 
R ( l ) 

H ( l ) 

A ( l ) 
B(2) 
D(4) 
D ( l ) 
AS (1?) 
BS (1 + 1?) 
DS(1) 

B(2) 
D ( l ) 
H ( l ) 

D ( l ? ) 
A/3 (1 + 1?) 

D ( l ) D 

A£ (2) 

D ( l ) 

H ( 2 ) 
R(2?) 

D ( l ) 
A (2?) " 

v ' ' : 

A ( l ) 
B 

D ( l ) 
H ( 4 ) 
R(4) 

B(2) 

(1) 

(1) 

BS (2) 

A (2?) 

B ( l ) 
D ( l ) 

B ( l ) 
D ( l ) 

BS(1) 
DS (2) 
AgS (2) 

BS(1) 
DS (2) 
AgS (2) 
H ( 2 ) 

' '-

B ( l ) 
D(3) 
H ( 2 ) 

AS (2) 

DL(2) 
+ Type of protein is indicated by common designation or by extractant used; method 

of separation is indicated in parenthesis, E = one-dimensional electrophoresis, I E F = 
isoelectrofocusing, E X E = two-dimensional electrophoresis, imm = immunochemical 
analysis 

+ +a) GARCÍA-OLMEDO et al., 1976; FERNANDEZ DE CALEYA et al., 1976; SANCHEZ-MONGE 
etal . , 1979. b) W A I N E S , 1973. c) GARCÍA-OLMEDO and CARBONERO, 1970; ARAGON-
CILLO et al., 1975; RODRIGUEZ-LOPERENA et al., 1975. d) SALCEDO et al., 1984. 
e) F R A M O N e ta l . , 1984. f) CUBADDA, 1975. g) BOZZINI et al., 1971. h) N O D A and 
TSUNEWAKI , 1972. i) SALCEDO et al., 1980. 

* The genome is indicated first (ABD, wheat; Ag, Agropyron; H, Hordeum; R, 
rye), followed by the chromosome arm (L, long; S, short; a or j8). The number of 
components assigned is indicated in parenthesis, followed by the question mark 
when there is overlapping of bands. Chromosome 1 of barley has been placed under 
homeology group n° 7. 



CMo-l CMM 
CrtbH+ 

o 
^J . Fig. 3 Two-dimensional fractionation of CM-
* *~pH-GRADIENT(5-8) ELECTROPHORESIS-* proteins from barley (Hordeum vulgare) 

addition unes. In the case of rye, one map component was associated with chro­
mosome 1, one with chromosome 2, and four with chromosome 4. In the case of 
barley, genes for eight components were located in four chromosomes: two in 
chromosome 1, one in chromosome 3, four in chromosome 4, and one in chromo­
some 6. 

Among the four salt-soluble proteins associated with chromosome 4 of rye, two 
of them, and possibly a third one, have been tentatively identified as CM-proteins. 
In the case of barley, the chromosomal location of genes encoding CM-proteins 
has been directly investigated in the wheat-barley addition lines (SALCEDO et al., 
1984). Genes encoding proteins CMa and CMc were located in chromosome 1, 
genes for proteins CMb and CMd were assigned to chromosome 4, and the newly 
reported protein CMe was associated with chromosome 3 (Fig. 3). Sequence 
homology, among proteins CMa, CMb, CMc, and CMd purified from barley and 
between the barley and the wheat CM-proteins has been inferred on the basis of 
compositional divergence indexes and of immunological evidence (SALCEDO et al . 
1982; PAZ — A R E S et al. 1983a). In particular, CM 3 from wheat and CMd from 
barley showed the closest interspecific relationship: complete antigenic identity, 
the only CM-proteins in each species to be extracted with the 7 : 1 (v/v) mixture 
of chloroform: methanol, and the lowest compositional divergence index. Genes 
for the chloroform : methanol soluble proteins of wheat have been ascribed to 
chromosomes of groups 4 and 7, and, in particular, the gene for protein CM 3 
was found to be located in chromosome 4A (GARCÍA-OLMEDO and CARBONERO 

1970; ARAGONCILLO et al. 1975). The present assignment of genes for the four 
barley proteins to chromosomes 1 and 4, further supports the previously proposed 
homoeology between chromosome 1 of barley and group 7 of wheat and between 
chromosome 4 of barley and group 4 of wheat (HART et al. 1980; POWLING et al. 
1981). 

Regulatory effects 

A quantitative study of gene-dosage responses was conducted by ARAGONCILLO 

et al. (1978) with a group of six low molecular weight, 70 % ethanol soluble 
proteins from wheat endosperm, which were encoded by incomplete (not triplicate) 
homoeologous gene sets. Approximately linear dosage responses were observed 
for all the proteins. For two of the proteins, and probably for a third one, the net 
output of protein for each dose of its structural gene was 30—80 % higher when the 
chromosome carrying an active homoeogene was absent. These observations 



indicated that gene-dosage responses for some endosperm protems can be modified 
by genetic elements located in a chromosome different from tha t containing their 
structural genes. In a related study, SALCEDO et al. (1978) showed differences in 
gene-dosage responses among alíeles at a locus encoding proteins CM 3 and CM 3 ' 
in T. turgidum. The net number of protein molecules present in the mature 
endosperm was measured when each of the alíeles was present in one, two, and 
three doses. Linear gene-dosage responses were again observed, but for a given 
dosage, about twice as much CM 3 as CM 3' protein was found. Genetic evidence 
indicated tha t the observed quantitative differences either resulted from differ­
ences, in the structural genes themselves or were controlled by regulatory or 
modifier gene(s) linked to them. 

Fig. 4 Densitometric eva-
luation of protein CMe-1 
extracted with chloroform/ 
methanol 2/1 (v/v) or with 
0.5 M NaCl after two-dimen-
sional fractionation. Bomi 
barley and its mutan t Ris 
1508, H I P R O L Y barley and 
its sister line CI4362 were 
compared in the same gel 
slab. In the legend of the 
curves H I P R O L Y and C 
14362 must be exchanged. 

| BOMI R-1508 HIPROLY CI4362||B0MI R-1508 HIPROLY CI4362| 

Cl3CH/MeOH 2/l(v/v) 0.5 M NaCl 

In our recent s tudy of the genetic variability and control of CM-proteins in 
barley (SALCEDO et al. 1984), a different type of genetic effect has been shown to 
occur: expression of gene(s) encoding protein CMe, located in chromosome 3, is 
completely blocked by the "high lysine" mutation in Riso 1508, which locus is in 
chromosome 7. The accumulation of this protein is markedly decreased in the 
"high lysine" barley Hiproly (Fig. 4). I t has been shown tha t B and C-hordeins are 
drastically decreased in the Ris 1508 mutant and, to a lesser extent, in Hiproly 
barley, while the salt-soluble fraction is increased in both mutants (see M I F L I N and 
SHEWRY 1979). R H O D E S and G ILL (1980) reported tha t a salt-soluble component 
was decreased in Ris 1508 and H E J G A A R D (1982) found tha t protein Z was 
decreased in Ris 1508, but greatly increased in Hiproly. To our knowledge, CMe 
is the only salt-soluble protein whose accumulation is totally or partially blocked 
in both Ris 1508 and Hiproly. 

Synthes is , processing^and deposit ion of proteins in endosperm 

Synthesis, processing and deposition of proteins in the cereal endosperm have 
been intensively studied in recent times. Storage proteins from maize (BURR et al. 
1978; LARKINS and HURKMAN 1978; W I E N A N D and F E I X 1978; VIOTTI et al. 1979), 



barley (BRANDT and INGVERSEN 1978; MATTHEWS and M I F L I N 1980), wheat 
( G R E E N E 1981; O K I T A and G R E E N E 1982; DONOVAN et al. 1982), rice (YAMAGATA 

et al. 1982) and oats ( L U T H E and P E T E R S O N 1975; MATLASHEWSKI et al. 1982) 
have atracted most of the interest. In this general context, we have focused our 
at tent ion on the thionins and CM-proteins of wheat , barley and rye. The initial 
in vivo and in vitro studies have been carried out in developing barley endosperm 
( P A Z - A R E S et al. 1983 b ; P O N Z et al. 1983) and some of the observations have 
been also extended to wheat (unpublished). 

P A Z - A R E S et al. (1983b) have reported tha t CM-proteins in barley are synthe-
sized non-synchronously from 10 to 30 d after anthesis by membrane-bound 
polysomes as precursors of higher apparent molecular weight (13,000—21,000) 
than the ma tu re proteins (12,000—16,000). These precursors are processed and the 
mature protein exported into the cytosol. P O N Z et al. (1983) detected thionin 
synthesis from ~ 8 d to ~ 3 0 d after anthesis. They identified two thionin precur­
sors (THP 1 and T H P 2) using monospecific antibodies raised against the mature 
protein. T H P 1 is the only polypeptide among the in vitro producís t ha t is recog-
nized by the monospecific antibodies. T H P 1 is encoded by a 7.5 S m R N A and i ts 
alkylated derivative has an apparent molecular weight of 17,800. T H P 2, which is 
selected together with mature thionin by the antibodies among labelled proteins 
in vivo, differs from T H P 1 in apparent molecular weight (17,400 alkylated) and 
in electrophoretic mobili ty a t p H 3.2. Both T H P 1 and T H P 2 were competed 
out from the antigen-antibody complex by purified thionin. Final deposition of 
the mature protein takes place in the par t iculate fraction as an extrinsic protein. 

Pulse-chase in vivo experiments showed tha t the conversión of T H P 2 into 
thionin was a post-translational event, whereas the presumed conversión of T H P 1 
into T H P 2 was assumed to be co-translational on the basis of our failure to detect 
T H P 1 in vivo. The processing of the precursors of CM-proteins was also assumed 
to be co-translational by the same criterium. We have now obtained addit ional 
evidence in support of these tenta t ive conclusions through in vitro t ranslat ion 
experiments with initiation-inhibited bound polysomes and with the dog-pancreas 
in vitro processing system. 

PROTEIN BODIES END.RETIC. CYTOSOL 

Fig. 5 Pa thways of protein syn­
thesis, processing and deposition 
in barley endosperm 

Figure 5 summarizes the reported pa thways of protein synthesis, processing 
and deposition in barley endosperm: i) synthesis of many cytosol albumins and 
globulins by free polysomes (BRANDT and INGVERSEN 1976); ii) synthesis of CM-
proteins by membrane bound polysomes, with co-translational processing, and 
export into the cytosol; iii) synthesis of B, C, and D-hordein by membrane-bound 
polysomes, wi th co-translational excisión of signal peptides, and deposition in 
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protein bodies; iv) synthesis of thionins by membrane-bound polysomes, with 
co-translational and post-translational processing, and deposition as extrinsic 
membrane proteins. 

Molecular cloning 

It is evident that the availability of c-DNA and genomic clones of cereal endo-
sperm proteins would greatly enhance our capacity to carry out studies in wide-
ranging áreas of the basic and applied biology of this tissue, such as genome 
structure, gene expression, genetic modification of quality-related characters, 
manipulation of agronomic traits, etc. Our general aim at this level was to obtain 
c-DNA and genomic clones for the most relevant proteins alluded in this review. 
Our initial results concern the molecular cloning of c-DNA corresponding to the 
CM-proteins and thionins from barley. The following standard steps were followed: 
a) Preparation of total polysomal RNA from barley endosperm collected at about 
20 d after anthesis. b) Purification of poly A+RNA by affinity chromatography 
(oligo-dT cellulose column). c) Synthesis of double stranded c-DNA, using the 
poly A+RNA as témplate, d) Tailing of the ds c-DNA with poly C. e) Selecting 
tailed c-DNA molecular greater than ~ 350 bp long. f) Annealing with Pst I 
restricted, poly G tailed pBR 322. g) Cloning into E. coli MC 1601. h) Selection 
of tetracycline resistant, ampicillin sensitive clones, i) Screening of the selected 
clones by hybridization with a c-DNA probé prepared from an RNA sucrose 
gradient fraction of poly A+RNA from membrane bound polysomes, enriched in 
mRNAs for thionins and CM-proteins. j) Screening of clones selected in the 
previous step by hybrid reléase translation and identification of in vitro translation 
producís with monospecific antibodies. 

Clones obtained as described are being characterized and used as probes to 
select genomic clones. 

Zusammenfassung ' , ' , ' . - . 

Chromosomale Lokalisierung und Expression von Genen für Proteine mit nied-
rigem Molekulargewicht in Weizen und verwandten Arten 

Es wird ein Überblick über neuere Arbeiten zur chromosomalen Lokalisierung 
und Expression von Genen für Endospermproteine aus Weizen, Gerste und Roggen 
gegeben, die wahrscheinlich nicht zu den Reserveproteinen gehóren und in 
máBiger Menge vorliegen. Verwandte Aspekte, wie regulatorische genetische 
Effekte, in vivo- und in w'¿ro-Synthese, Arten des processing, Speicherorte und 
molekulare Klonierung, werden ebenfalls diskutiert. Die Bedeutung dieser Unter-
suchungen für die Biologie des Endosperms, die genetische Manipulation von 
Qualitát und agronomischen Eigenschaften und die Evolution dieser wichtigen 
Getreidearten wird kurz behandelt. 



KpaTKoe co^eprnamie 

XpoMOCOMajibHan jiOKa«nH3aiiMH H aKcnpeccHH reHOB, peryjiHpyíoiii i ix npoTeHHbi 
C HH3KHM MOJieKyjIHpHblM BeCOM y niHeHHIIbl H pOACTBeHHLIX BH^OB 

J^aeTCH o63op HOBBIX pa6oT o xpoMOCOMajibHoñ jioKajiH3aii;HH 11 aKcnpeccnn reHOB, 
peryjiHpyíonii ix npoTeHHbi aHftocnepMa nuiemnibi , HiMeHfl H pjKM, KOTopue, BepoHTHO 
He HBJIHIOTCH 3anacHtiMH 6ejiKaMH H BCTpeqaioTCH B HeSojibLUHx KOJiHnecTBax. 06cy?K-
,n,aioTCH TaKHíe 6jiii3KHe acneKTbi, i;aK peryjiwpyíomHe reHeTHHecKHe a<|)<|)eKTbi, CHirre3 
in v ivo H in v i t ro , cnoco6 xHMiiHecKoñ o6pa6oTKH, MecTa 3anacaHHH H MOJieKyjinpHoe 
KJiOHHpoBaHHe. KpaTKo paccMaTpHBaioTCH 3HaqeHHe BTHX Hccjie^oBaHHlt HJIH ÓHO-
jiorwH aH^ocnepMa, reHeTHHecHKe MaHHnyjiHiiHH KanecTBa H arpoHOMHnecKHX oco6eH-
HOCTeñ, a TaKHie aBOJiioii;HH axnx BaíKHbix BH,HOB 3epH0Bbix 3JiaK0B. 
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