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ABSTRACT

Genetically defined dosage series of chromosome arms 7L, 3L, 4S, 5L, 7L,
98, 10L and combinations of 7L-3L, collectively spanning approximately one-
third of the maize genome, were examined for alterations in the expression of
total protein profiles in scutellar tissue. The major effects found were negative
correlations of specific proteins with the dosage of particular regions in a
manner similar to that previously described for enzyme activity levels (BircH-
1LER 1979). Chromosome arms 7L, 4§ and 5L produced the most severe negative
effects, with 3L and 7L exhibiting this phenomenon to a lesser degree. Positive
correlations of certain proteins were observed with the dosage of the 7L, 3L,
5L and 7L regions. The structural locus of one of the major scutellar proteins
(PRO) is present in the long arm of chromosome 7 (Scuwartz 1979), but ex-
hibits compensation in a dosage series involving whole-arm comparisons. Multi-
ple factors in 7L affect the level of the protein. The compound T'B-1La-3L4759-
3 (1L 0.20-0.39) has a slight negative effect on PRO, while TB-fLa-3Le
(1L 0.20-0.58) and 7TB-1La-3L5267 (1L 0.20-0.72) have a more pronounced
negative influence. The level of this protein is not altered by the dosage of 3L.
These observations suggest that compensation is brought about by the cancella-
tion of a positive structural gene dosage effect by the negative inverse effect.
Other regions of the genome that contribute to the control of PRO levels are
48 and 5L. Total protein profiles were also compared in haploid, diploid and
tetraploid maize as a comparison to the aneuploid series. Most proteins exhibit
structural-gene-dosage effects through the ploidy series, but others show a
positive effect greater than expected from varying the structural genes. Still
others are negatively affected by ploidy changes. In general, the ploidy altera-
tions are not as great as predicted from the cumulative action of the aneuploid
effects. The bearing of these observations on the biochemical basis of aneuploid
syndromes is discussed.

IN a study of enzyme expression in a dosage series of the long arm of chromo-
some one (7L), BircurEr (1979) observed that the levels of specific enzyme
activities were negatively correlated with segmental chromosomal dosage. The
range of the elevations in the monosomic rose to as much as 200% of the diploid
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level, and the reductions in the trisomic approached a lower limit of two-thirds.
Since the enzyme levels fell within the inverse of the dosage relative to normal,
the phenomenon has been termed the inverse effect.

The present study was designed to test for other dosage-sensitive regions that
specifically alter the expression of proteins. Approximately one-third of the
maize gencme was examined. Total protein extracts of scutellar tissue were sub-
jected to sodium dodecyl sulfate (SDS) polyacrylamide gel electrophoresis to
determine the number of specific proteins affected by any one region. To compare
the effects of varying portions of the genome with varying the total chromosomal
complement, a ploidy series involving haploid, diploid and tetraploid maize was
also analyzed. Two-dimensional native-SDS electrophoretic analyses were per-
formed to test for the unique expression of any particular polypeptide in the aneu-
ploid and euploid series. Examination of the protein profile represents a more
comprehensive approach to the understanding of the total response from varying
a particular chromosomal region than is possible by testing only one or a few se-
lected enzymes. This provides a minimum estimate of the number of effects—
positive and negative—produced by a particular aneuploid series.

The present experiments involve all proteins that are in sufficient quantity to
be recognized as discrete Coomassie Blue-staining bands in SDS polyacrylamide
gel electrophoresis. The location of the structural loci are unknown, with the
exception of Protein-1 (Pro), which was defined and mapped by ScrwarTz
(1979) to a region between Adh and bronze-2 on 7L. It produces one of the major
proteins expressed in the scutellum and serves as an example for determining
the number and type of responses that are observed for any one polypeptide.

The results found in this study bear on the problem of the biochemical basis
of aneuploid syndromes. It has long been recognized that both additions and sub-
tractions of substantial chromosomal segments to or from the normal diploid
complement result in less vigorous individuals (BraxesLee 1934; Satina,
Brakesier and Avery 1937; Gooospeep and Avery 1939; PATTERSON, STONE
and Beprcuex 1935, 1937). Classically, it was assumed that such effects were due
to an imbalance of protein products that results from structural-gene-dosage
effects (ParTERSON, BrownN, StoNE 1940; MurLer 1950). However, the data
presented here indicate that specific reductions, which might slow metabolism,
are found in both monosomics and trisomics. On the other hand, an increase in
vigor occurs in the ploidy series where the protein levels per cell are positively
correlated with the number of genomic equivalents. By comparison of both the
aneuploid and euploid series, there is a greater correlation of vigor with the abso-
lute amounts of proteins than with their balance. The levels of particular proteins
might be a major contributing factor to the phenotypic effects associated with
each aneuploid and euploid level.

MATERIALS AND METHODS

In order to define genctically the various dosage series, it was necessary to develop a set of
specific tester stocks that would allow the detection of one, two and three doses of various regions
of the genome. The following is a list of the regions examined and a description of the particular
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lines used. IZ: The Adh allozyme markers were utilized to distinguish the dosage series. Adh-F
and S female lines were crossed by males hyperploid for TB-1La, 1 18 B! B, and homozygous for
Adh-C. The details of these stocks and the detection of the various doses are given by BIRCHLER
(1979). 3L: By crossing a-m-1 A2 C C2 R-scm-2 females by males hyperploid for TB-3La, a dosage
series of the terminal 809 of 3L included in the translocation can be distinguished. Kernels
having a colorless scutellum with colored aleurone have one-dose embryos, kernels with colored
aleurone and scutellum are diploid and kernels with colored scutellum and colorless aleurone
have trisomic embryos. 45: Females homozygous for su were crossed by 7B-4Sa hyperploid
males. The sugary kernels have three-dose embryos, and the normal kernels have one or two.
Backcross ears segregating for Su and su served as a control on any effects of the sugary endo-
sperm on embryo protein profiles. No differences were observed. 5L: The dosage series for 5L was
genetically distinguished by the use of an A A2 C C2 R-sc-122 pr tester. The determination of
the dosage series was analogous to the a system described above except that pr was used as the
marker locus. 7L: The Dotted-3 locus was transferred by recombination to TB-7Lb. To accom-
plish this, hyperploid females 7 78 B” B” were crossed by D3 males. The F, plants showing
higher than normal pollen abortion were crossed as males onto an a-m-f A2 C C2 R-scm-2 tester,
and kernels with D3 embryos and dotless endosperm were selected as putative hyperploids
marked by D?3. Successive crosses to the a-m-1 tester established the stock. 95: An A A2 C C2 R-
scm-2 stock was crossed as females by a stock homozygous for TB-9Sb marked by CI. In this case,
colored scutellum, colorless aleurone kernels have one-dose embryos, completely colorless kernels
are diploid and colorless scutellum, colored aleurone kernels have three-dose embryos. 70L: Fe-
males of A A2 C C2 r7 constitution were crossed by hyperploid heterozygotes of TB-10L-4 that
were genetically marked by R-sem. Compounds TB-1La-3L4759-3 (1L 0.20-0.39; 3L 0.20-1.00);
TB-1La-3Le(1L 0.20-058; 3L 0.45-1.00); TB-1La-3L5267 (1L 0.20-0.72; 3L 0.73-1.00) and
TB-1La-3L5242 (1L 0.20-0.90; 3L 0.65-1.00), all containing the A locus in the distal region,
were crossed as males to the a-m-7 A2 C C2 R-scm-2 tester for production of each dosage series.
Further details of the construction of these translocations can be found in Brrcuarer (1980).

The high haploid line of Cor and Sargar (1964), termed stock 6, was used to select haploids
by crossing stock 6 carrying the necessary constellation of aleurone and scutellum color factors
as females by males of genotype A A2 CT C2 R, stock 6. Since the C! allele inhibits anthocyanin
expression, those kernels with a purple scutellum but colorless aleurone were considered to be
1N. The diploid comparison utilized the colorless scutellum and aleurone kernels from the same
crosses. Diploid and tetraploid stocks of inbred W23 and N6 were obtained from the Maize
Genetics Cooperation, Urbana, Illinois.

Kernels were genetically classified into the various dosage classes described above. Twenty
to 30 dry scutella of each class were excised and ground to a meal in a Wiley Mill (mesh 20). One
hundred mg of meal were extracted in 500 pl of sample buffer (0.0625 m Tris-HCl, pH 6.8, 10%
glycerol, 2.39% SDS and 59 B-mercaptoethanol) at room temperature and centrifuged in an
Eppendorf centrifuge, each for 15 min. The supernatant was removed with a Pasteur pipet,
boiled 2 min and 10 ul were applied to the sample wells in the gel. One-dimensional polyacryla-
mide gel electrophoresis was by the method of Laemmrr (1970). Extracts were first examined
on 7.5% and/or 10% gels, 10 cm in length and subsequently analyzed on 8.75-15% gradient gels
of 20 cm length. Gels were scanned in a Helena integrating densitometer. Two-dimensional
native/ SDS gel analysis was by the method of Ferr, Drovuy and Scuwartz (1979). Replica
extractions of each aneuploid series from 3 to 10 ears were examined in one-dimensional gels.
Two-dimensional analysis were performed for each aneuploid and euploigd series.

The linearity of the densitometric quantitation was tested as follows. A dilution series of
bovine serum albumin from 0.01 mg/ml to 0.50 mg/ml was subjected to the preparation pro-
cedure and 20 gl (0.20 to 10 ug per channel) applied to gels for electrophoresis. After staining,
the gel channels were scanned by a Helena integrating densitometer and the areas under each
curve calculated. The amount of Coomassie Blue staining was linearly related to the amount of
protein applied to the gel.

Protein estimates (Lowry et al. 1951) per unit dry weight in each dosage of the different
series did not vary by more than 8% in the monosomic or trisomic compared to the corresponding
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disomic, with the exception of the compounds 7L-3L(5267) and 1L-3L(5242). The monosomic of
TB-1La-3L5267 (1L 0.72) has a mean protein level 129, greater than the diploid; the monosomic
of TB-1La-3L5242(1L 0.90) has a mean protein value 20% greater than the diploid. Moreover
for 1L, 3L, 48, 5L, 7L, 98, 10L and 1L-3L(5267), various combinations of enzyme activities were
determined per mg dry weight. For each chromosomal region, at least some enzyme levels are
constant through the series, These observations indicate that, by extracting identical dry weights
of the three classes in each case, an equivalent number of cells has been sampled for individual
protein concentration after electrophoretic separation.

The various marker loci for the dosage series are of necessity from different backgrounds.
There is considerable variation in relative protein concentrations from different inbred lines, a
fact that is reflected in the present study. This, however, does not affect the ability to determine
whether a certain protein responds to a particular chromosomal region since such is revealed
by the relative changes in the monosomic and trisomic of the segment in question. The critical
observation is a change in the quantitative relationships correlated with the dosage level. The
1L-3L compounds were constructed from the same TB-7La stock and then repeatedly crossed
1o the « tester. In this case, cross comparisons are possible.

RESULTS

Analyses of the protein profiles of the one-to-three series for 98 and 70L-4 did
not reveal major differences in the various dosage levels. A few of the less in-
tensely staining polypeptides were altered in the 70L series, exhibiting a slight
negative correlation with dosage. When the long arm of chromosome 5 is varied
(Figure 1), one observes elevations of particular proteins in the monosomic rela-
tive to the disomic and, in most cases, corresponding relative decreases of the
same proteins in the trisomic. This is illustrated with the densitometric scans
shown in Figure 2. Certain proteins of intermediate concentration and molecular
weight are positively correlated with the dosage of this region. For 7L, also shown
in Figure 1, most of the proteins show constant expression with ascending dosage,
but at least one major protein (marked by an arrowhead) and several less pre-
dominant ones are negatively correlated with 7L dosage. A few of the minor poly-
peptides are positively correlated with 71 dosage. A densitometric tracing is pre-
sented in Figure 3. With 48, the phenotypically indistinguishable one- and two-
dose embryos were compared to those with three doses of this chromosome arm.
The former group is weighted toward the one-dose kernels because of the high
rate of nondisjunction of the B centromere at the second microspore division.
Thus, the magnitude of any differences will be greater than when only a single
dosage differential is examined. The gel shown in Figure 1 demonstrates that
many of the major proteins are strongly negatively correlated with 4§ dosage.
These effects, however, are clearly specific since many proteins do not vary. The
densitometric measurement is presented in Figure 4. Examples of the pattern ob-
served with 7L are shown in Figures 5 and 8. In addition to the numerous negative
effects, at least one major and some minor proteins are positively correlated with
the dosage of 7L. These effects are evident from the densitometric analysis pre-
sented in Figure 6. The gels of the 3L series are shown in Figure 11. One of the
major proteins (marked by an arrowhead) is specifically reduced in the mono-
somic but not elevated in the trisomic. In addition, several intermediate level
proteins respond negatively to the dosage level. The densitometric tracings are
shown in Figure 7.
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Ficure 1.—Profiles from dosage series of 5L, 7L and 4S. The chromosomal dose is indicated
at the bottom of each channel. The origin is at the top. The arrows designate the PRO protein.

The genetic location of the gene encoding a major slowly migrating protein
(PRO) was delineated by Scuwartz (1979). The locus maps between Adhf and
bz2 on 1L. In most lines, two electrophoretic forms appear to be the result of
a modification of a single gene product. The expression of this protein was exam-
ined in the 7L dosage series. Figure 8 presents profiles from a cross in which the
electrophoretic mokility of the products of the Pro alleles differs in the two par-
ents. The maternal form has a faster migration than the one encoded by the 7'B-
1La line. Therefore, the expression of each allele can be followed in all three
chromosomal doses. Although there is only one copy of the maternal allele present
in each case, its expression is increased in the segmental monosomic and de-
creased in the segmental trisomic relative to the diploid. The paternal form is
present only in the diploid and the trisomic, but its expression is increased in the
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Freure 2.—Densitometer scan of 5L series. The dosage is labeled along the left margin. The
origin of the gel (20 cm) is to the right. The arrow designates the PRO peak. The triangular
arrowheads identify examples of negative effects. The indented arrowheads identify positive
responses.

latter where two doses of this allele are present (Figure 9). The densitometric
integration units for the total amount of protein remain fairly constant: one
dose = 2100; two doses = 1974; three doses = 1833.The slight overall negative
effect observed might be explained by the apparent lower expression of the
paternal allele. When material was examined in which all electrophoretic vari-
ants for PRO were identical, the total values are quite similar (see Figures 9 and
6): Thus, the amount of protein-1 present is relatively constant with 1, 2 and 3
doses of 7L, although the numbers of structural genes present have been progres-
sively increased. The alcohol dehydrogenase-1 (Ad#) locus is also present in 1L
and exhibits compensation in the dosage series (Bircurer 1981).

The basis of this dosage compensation was studied further by examining the
protein responses in a group of compound B-A translocations involving various
lengths of 7L and 3L. These chromosomes have been described in detail else-
where (BircurER 1980). The compounds TB-7La-314759-3 (1L 0.39), TB-1La-
3Le (1L 0.58) and TB-1La-315267 (1L 0.72) include increasing lengths of 7L
and decreasing lengths of 3L. The number of proteins affected and the severity
of the response increases with the length of the 7L segment included in the
dosage series. Some difficulty was encountered in assigning the chromosome arm
responsible for the effects, due to the fact that 3L as a whole produces aneuploid
responses. Nevertheless, because fewer effects are found with 37 than with 7L
and because decreasing lengths of 3L are associated with increasing lengths of
1L, it appears that there are multiple factors in the latter that negatively alter
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Ficure 3.~—Densitometer scan of 7L series (10 cm gel). The arrow designates the PRO
peak. The arrowheads identify the negative responses of the protein labeled in the 7L series in
Figure 1.
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Froure 4—Densitometer scan of 45 series (20 cm gel). The arrow designates the PRO peak.
The arrowheads identify examples of negative responses.
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files from a 7L dosage series (10 cm gel). The chromosomal dose is indicated
at the bottom of each channel. The arrow designates the PRO protein. The arrowheads identify

examples of negative responses. The indented arrowhead identifies a positive effect.
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Ficure 6.—Densitometer scan of 7L. The dosage is labeled along the left margin. The origin
of the gel (20 cm) is to the right. The arrow designates the PRO peak. The triangular arrow-

heads identify examples of negative responses, and the indented arrowheads identify positive

effects.
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Fi6ure 7.—Densitometer scan of 3L dosage series. Chromosomal dosage is noted along the
left margin. Arrow designations are as in Figure 6.

52 3

Figure 8.—Dosage series of 7L in which the electrophoretic mobility of the maternal and
paternal alleles of Pro differ. The chromosomal dosage is noted at the bottom. The two forms
produced by the maternal allele are marked by arrows on the left. The paternal forms are slower
in migration and are present only in the two- and three-dose embryos. The origin is at the top.
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Ficure 9.—Densitometer scan of PRO in 7L series. Top, tracing of the PRO region from the
profiles shown in Figure 8. The dosage of 7L is noted at the bottom. The segmental monosomic
has only the two maternal forms (labeled with arrowheads), while the diploid and trisomic have
the two maternal and two paternal forms. Bottom, tracings from a 7L dosage series in which
the maternal and paternal alleles are of identical electrophoretic mobility. The major peak
represents PRO.

the level of certain polypeptides, including PRO. The levels of PRO are nega-
tively correlated with the dosage of TB-1La-314759-3 (1L 0.39), TB-1La-3Le
(1L 0.58) and TB-1La-3L5267 (1L 0.72), but are not sensitive to the dosage of
3L. When TB-1La-315242 (1L 0.90) was examined, the response of PRO returns
to a more nearly equal expression relative to the other proteins. This transloca-
tion extends beyond the others in 7L to include the genetic region surrounding
the Pro structural locus (see Scmwartz 1979; Brrcarer 1980; Newron and
BircurER 1980). The simultaneous inclusion of the structural gene and a modi-
fying locus that inversely affects each copy relative to the diploid would result
in the dosage compensation observed in 7L as a whole. Densitometric scans of
the 71-3L series are given in Figure 10 and the gel patterns in Figure 11. In
addition to the factors in 7L, the levels of PRO are also sensitive to the dosage
of 5L and 48.

Two-dimensional analyses were performed on each segmental dosage series and
the euploid comparisons. These were conducted to test whether the protein
alterations were the result of modulation or unique expression in any particular
dosage. None of the proteins was observed to be lacking in any of the aneuploids.
In the 5L series, one of the major proteins appears to be unusually high in its ex-
pression in the monosomic. The two-dimensional analysis confirmed that this
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Ficure 11.—Protein profiles of the 3L and 7L-3L compound dosage series. The dosage of each
series is noted at the bottom of each channel. The arrow designates the PRO protein.

involved a modulation rather than a novel expression, because this protein was
present in all three doses. In the 3L series, the monosomic shows a considerable
reduction for one of the major proteins (marked by an arrowhead); the two-
dimensional study demonsirated this effect to also involve a modulation
(Figure 12).

Haploid, diploid and tetraploid maize were examined as a comparison to the
aneuploidy results. In maize, cell size is proportional to the level of ploidy
(RHOADES and McCrLinToCK 1935; RHOADEs and DEMPsEY 1966). Thus, as the
number of genomic complements increases, there are fewer but larger cells per
mg dry mass. When similar dry weights of the haploid, diploid and tetraploid are
extracted, fewer cells are sampled. but each is greater in size. If each gene were
equally active and not altered in expression by the ploidy changes, then the pro-
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FiGure 12.—Two-dimensional native-SDS analysis of the dosage series of 3L. The chromo-
somal dosage is noted along the bottom. The native first dimension extends from left to right, the
SDS dimension from top to bottom. The arrow designates the major protein that is marked in the
3L series in Figure 11.

tein profiles from the different ploidies should be similar when the same dry
weights are compared. To confirm that the cell size and number considerations
were reasonably correct, the total hydrolyzable DNA levels were determined in
the same lines as used in the present study (BircarEr 1981). The results indicate
that the amounts of DNA per mg dry weight were similar in the haploid-diploid
and diploid-tetraploid comparisons. Since the DNA per cell doubles in each case,
there must be a corresponding decrease in the number of cells per dry weight to
obtain this result. Estimates of total protein were performed on aliquots of extracts
of fifty mg of meal per ml of buffer from each ploidy level. The stock 6 haploid ex-
tract had 1.54 mg/ml (mean of five extracts) and the corresponding diploid 1.53
(five extracts). The inbred W23 diploid and tetraploid were examined from four
extracts each: 2V, 1.36 mg/ml—4/N, 2.07 mg/ml; for inbred N6, 2}V, 1.23 mg/ml
—4N, 1.55 mg/ml.

As noted above, if in the ploidy series each gene is expressed in proportion to
gene dosage, then the profiles would be the same. The haploid-diploid comparison
revealed that many proteins exhibit a relatively similar expression in the two
ploidy levels (Figures 13 and 14). This in fact indicates that these polypeptides
are present at roughly half the level in the haploid cells as in the diploid. Some
proteins, however, show indications of altered expression. The levels of PRO and a
few others are slightly elevated in the haploid, whereas still other major proteins
show reduced levels. In these cases the expression is greater or less than the gene
dosage would predict. In the diploid-tetraploid study (Figures 13 and 15), most
protein levels are similar, which indicates a near doubling per cell in the 4/V.
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Ficure 13.—Protein profiles from the haploid(1N)-diploid(2N) and diploid (2NV)-tetra-
ploid (4N) comparisons. The arrow designates the PRO protein.

However, several of the major proteins show a greater expression in the tetra-
ploid, while a few are reduced. The former effect provides the basis for the
greater total protein per mg dry mass described above.

It is unlikely that the haploid-diploid and diploid-tetraploid differences are the
result of different electrophoretic mobilities of alternative alleles in each type.
This is the case beczuse both stocks used for haploid detection were converged to
stock 6, and both 2N-4N comparisons involved tetraploid derivatives of the re-
spective diploid inbred. While W23 and N6 showed differences, the overall effects
were comparable.

DISCUSSION

One dimensional gels obviously do not resolve all of the polypeptides into dis-
crete bands. The precise quantitaticn of the protein levels is not possible, but it is
clear that quantitative differences are discernible and allow qualitative state-
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Ficure 14.—Densitometer tracing of haploid and diploid profiles from the stock 6 inbred. The
arrow designates the PRO peak.

ments concerning the positive or negative alteration in the expression of specific
proteins in the various aneuploids. The positive changes might represent gene
dosage effects or positive modifiers that affect the expression of unlinked genes.
The negative responses appear to be similar to the inverse effect described by
BircHLER (1979) for enzyme activities in the 7L dosage series. The fact that there
are increases in the one-dose classes and decreases in three doses indicates that the
same basic phenomenon is operative. Studies designed to locate structural genes
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Freure 15.—Densitometer tracing of diploid and tetraploid profiles from the W23 inbred. The
arrow designates the PRO peak. The triangular arrowheads identify exaraples of reductions with
increasing ploidy and the idented arrowheads identify examples of positive correlations with

ploidy.
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via segmental trisomic effects on enzyme levels show that this response is common
in aneuploids of other species as well (Carrson 1972; DerwiLEr and MacINTYRE
1978; HaLL and Kanker 1976; Hoocerrs 1975; Moore and Surrivan 1978;
O’Brien and GerrMan 1973; Ovrver, HuBer and WiLriamson 1978; Prpkin,
CuagraBarTTY and BReEMNER 1977; Rawrs and Luccuest 1974; Smita and
ConNgLIN 1975).

The various polypeptides are expressed to widely varying degrees in the dip-
loid. Yet for individual proteins, the negative modifying effects of chromosomal
dosage appear to fall within the limits of the inverse level relative to normal. One
explanation of these observations might be that the results reflect degradative
events mediated by gene products encoded in the varied region. This, however,
would require that the degradative enzymes be limiting and occur at precisely
the correct concentration in the diploid to yield an inverse effect in the mono-
somic and trisomic. Since the degradation reaction acts on the level of synthe-
sized product, the kinetic parameters involved would not result in an inverse
effect. None of the reactions could have gone to completion at any level of
aneuploidy since the 2-D analyses did not reveal differences in the number of
proteins present. Cellular processes that go to completion or for which the reac-
tants are in excess in the diploid would not be detected by segmental aneuploidy.
The improbability that such conditions would be found in each cell for each pro-
tein in each dosage series leads to the genetic argument that most of the effects
result from action in an inverse manner on some synthetic step in the total
mechanism of gene expression. Eukaryotic genes exhibit rather strict gene dosage
effects (e.g., GReLL 1962; ScHIMKE et al. 1978) ; thus, the primary rate limiting
step in expression is at the gene level. Because of this fact, other loci could po-
tentially be identified, via segmental aneuploidy, that act in frans to regulate
this process. Since aneuploid changes might alter the efficiency of some later step
or make it rate limiting, the genetic data do not allow a determination of the step
involved. This, however, is inconsequential to the interpretations on dosage com-
pensation and aneuploid syndromes, since they rest on phenomenological
observations.

The two-dimensional native-SDS polyacrylamide gel analysis did not reveal
any recognizable changes in the number of proteins present in any dosage series.
This result indicates that the alterations in intensities are not a matter of presence
or absence in any particular dosage, but rather a modulation of the individual
levels. All-or-none events such as turning on or off of expression were not de-
tected in any genetic constitution examined. It should be noted, however, that
positive or negative modifiers that do not exhibit a dosage effect would not be ob-
served in this study. The distinction between all or none and modulation, as well
as between positive or negative, might be arbitrary and could potentially be
manifestations of the same set of genes (see Prasune et al. 1980).

Haploid, dipleid and tetraploid maize were examined to compare the effects of
varying the total genomic constitution with the effects observed in the aneuploid
series. Many of the protein levels are roughly correlated with the increase in
ploidy, while a few are elevated or depressed. This result suggests that, in general,
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the expression of these proteins is directly proportional to gene dosage. This situ-
ation has been previously observed in ploidy comparisons from several other
organisms including Rattus (Priest and Priest 1969), Odontophrynus (Becax
and Pueyo 1970); Triticinae (Mitra and Bratia 1971), Drosophila (LuccrEst
and Rawrs 1973), Todea (DEMAGGIo and LaMmerukos 1974), Datura (SmiTi and
Conkrin 1975), Pleurodeles (Auprr et al. 1976) and Ricinus (TiMxo0, Vascon-
ceros and Famreroruers 1980). While the protein balance, on the whole, is
maintained, it should be noted that haploids and autopolyploids often differ from
the respective diploid in characteristics that can not readily be attributed to mere
increases or decreases of all the gene products (for examples, see PATTERSON,
Broww and Stone 1940; Crask, 1969).

With certain proteins, the expression is not only positively correlated with the
genomic level but goes beyond the response expected from a strict gene dosage
effect. That is, the haploid appears to have less than half as much per cell as the
diploid and the tetraploid appears to express more than twice the level compared
to the diploid. Still other proteins are negatively correlated with the number of
genomic equivalents. The diploid-tetraploid comparison should be interpreted
with the knowledge that tetraploid maize is often subject to a certain degree of
aneuploidy (Ranporrm 1935).

On the biochemical basis of aneuploid syndromes

Since less than a third of the total cytological length of the genome was ana-
lyzed in the aneuploids, only a fraction of the potential number of modifying
factors is evident. The preponderance of negative, as opposed to positive, re-
sponses would have predicted a completely different result from that observed
in the ploidy series on the assumption of simple cumulative effects. The positive
correlation of most proteins with the ploidy level is in contrast to the negative
modulations found in the aneuploids.

The aneuploidy-euploidy difference parallels a similar phenomenon long
known phenotypically throughout eukaryotic organisms, i.e., that more extreme
deviations from the diploid are observed with aneuploidy than with varied ploidy.
Classically, the detrimental effects of aneuploidy were attributed to an imbalance
of gene products (BraxEsrLEE, 1934; ParTERSON, BrowN and Stone 1940). This
idea evolved into the concept that loci present in the varied segment produced
gene dosage effects for the levels of the enzymes encoded therein. Relative to
the expression of genes in the unvaried regions, it was postulated that the cellular
proteins were not present at the appropriate belanced levels for the normal
functioning of metabolic processes.

The concept of imbalance of gene products as the basis for aneuploid depression
was formulated before the extent of natural variation in enzyme levels was real-
ized. It was believed that there was a selection for a very precise relationship of
one gene product to another (Murrer 1950). It is now known, however, that
considerable quantitative variation exists hoth at the structural loci for enzymes
and at regulatory or modifying loci (e.g., HuBBy and LEwonTiN 1966; SinGH,
LewontiN and Ferrox 1976; Jomnsonw 1977; Warp 1975; McDowarp and
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Avara 1978; PowerL and LicuTenrers 1979; Dickinson 1980a,b; Laurie-
AHLBERG et al. 1980). The strict balance of gene products, once thought to exist,
in fact dces not.

The positive and negative effects observed in aneuploids provide a molecular
approach to an understanding of the phenotypic observation that aneuploidy is
accompanied by a general lack of vigor. It is reported here that aneuploidy pro-
duces numerous reductions of specific proteins in both partial monosomy and
trisomy and allows the interpretation that the reductions per se are a major
factor contributing to the aneuploid phenotypes. In monosomics, the reductions
are due to structural gene responses, to unlinked positive modifiers or to a com-
binaon of both. If a positive effector is simultaneously present with a structural
locus for an affected enzyme, even greater reductions would result. The potential
exists for the monosomic to produce much more extreme reductions than the
corresponding triscmic. Phenotypically, monosomy is considerably more detri-
mental than trisomy—providing a further correlation of biological response to
the molecular expression.

In trisomics, the reductions are the result of the numerous inverse effects
present in the genome. The greater detrimental phenotypes of larger trisomics
might result from more proteins coming under the influence of the increasing
number of negative modifiers,

The data indicate major reductions in monosomics, trisomics and in the haploid.
While the normal balance is considerably upset in the former two, the relative
expression of the various proteins is reasonably maintained in the haploid, but the
absolute levels per cell are decreased. Since the haploid is considerably reduced
in stature and other characteristics (Crask 1969), it appears that the correlation
of vigor is more with protein level than with protein balance. Apparently the
lowered levels of certain enzymes and structural components in the aneuploid
and haploid become limiting on the rate of metabolism.

While the altered relative levels of enzymes or structural proteins might play a
role in the detrimental effects observed with chromosomal variation, it is proposed
that the major imbalance aspect of aneuploidy involves modifying or regulatory
loci per se, which by the nature of their interaction produce the protein reductions.
Since the aneuploid responses are not manifested to the same extent in the euploid
changes, the differential relationship of the modifying genes is perhaps the cause
of the positive and negative effects and would therefore be the indirect, but
ultimate, cause of the aneuploid syndromes.
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