Mol Gen Genet (1985) 198:371-376

MGG

© Springer-Verlag 1985

Organelle DNA compositions and isoenzyme expression
in an interspecific somatic hybrid of Daucus

Benjamin F. Matthews* and Jack M. Widholm 2

! Tissue Culture and Molecular Genetics Laboratory, USDA, SE, ARS, Beltsville, MD, 20705
2 Department of Agronomy, University of Illinois, Urbana, IL, 61801, USA

Summary. Cell suspension cultures of Daucus carota, D.
capillifolius and a somatic hybrid of these lines were ana-
lyzed to determine their chloroplast and mitochondrial
DNA compositions. The plastid DNAs (pDNA) from the
somatic hybrid and D. carota were identical and were differ-
ent from that of D. capillifolius when analyzed on agarose
electrophoretic gels after digestion by the restriction endo-
nuclease Hpall. The endonuclease restriction patterns of
the mitochondrial DNAs (mtDNA) from each cell line were
different. Although the restriction pattern of the mtDNA
from the somatic hybrid contained fragments in common
with one or both parents, unique fragments not found in
the restriction pattern of either parent were also present.

The amounts and feedback regulation of aspartokinase,
homoserine dehydrogenase and dihydrodipicolinic acid syn-
thase were quantified to define the effects of somatic hybrid-
ization upon the pathway leading to the biosynthesis of
lysine, threonine, methionine and isoleucine. Regulation of
each enzyme by end product inhibitors was not altered in
the somatic hybrid, but levels of each enzyme appeared
to be increased. However, isoenzyme analysis indicated two
major forms of homoserine dehydrogenase were present in
the hybrid, including one unique form not present in either
parent.

Introduction

Protoplast fusion and somatic hybrid analysis have been
useful in studying the interaction and inheritance of the
chloroplast, mitochondrial and nuclear genomes of plants.
Most studies have focused upon the Solanaceae family. Or-
ganelle encoded traits, such as cytoplasmic male sterility
(Zelcer et al. 1978; Belliard et al. 1978; Aviv and Galun
1980; Galun et al. 1982; Bonnett and Glimelius 1983) and
streptomycin resistance (Maliga et al. 1982; Fluhr et al.
1983) have been transferred from one cell line to another.
Novel mitochondrial DNA combinations in somatic hy-
brids of Nicotiana have been observed by Belliard et al.
(1979), Nagy etal. (1981), and Galun et al. (1982). Re-
cently, these observations have been extended to include
Petunia (Boeshore et al. 1983; Izhar et al. 1983). This exten-
sive rearrangement of the mitochondrial genome following
protoplast fusion has not been well documented in somatic
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hybrids generated from fusion of protoplasts from other
plant families.

The effects of somatic hybridization on the regulation
and expression of enzymes in basic biochemical pathways
have not been rigorously examined in any system. Examina-
tion of biochemical pathways in somatic hybrids may reveal
nuclear-cytoplasmic interactions heretofore unknown and
may increase our understanding of the biochemistry and
regulation of basic biochemical pathways and how these
pathways may be manipulated, using the tools of cell cul-
ture and molecular biology. For example, enzymes involved
in the synthesis of lysine and threonine have been localized
in the chloroplast (Bryan etal. 1977; Mills and Wilson
1978; Wallsgrove et al. 1983). This pathway provides an
opportunity to examine the effects of fusion upon amino
acid biosynthesis that is regulated by end product inhibition
and repression (Matthews and Widholm 1979a). Key en-
zymes in the pathway include aspartokinase, homoserine
dehydrogenase and dihydrodipicolinic acid synthase which
have been examined in carrot (Matthews and Widholm
1978 and 1979a; Davies and Miflin 1977; Sakano 1979;
Sakano and Komamine 1978), soybean (Matthews and
Widholm 1979b, c), corn (Matthews et al. 1975; Gengen-
bach et al. 1978; Walter et al. 1979), and other crop plants
(Lea et al. 1979). Of these crops carrot is currently most
amenable to cell culture manipulation and protoplast fusion
studies (Matthews et al. 1984). Furthermore, the key en-
zymes in carrot which regulate lysine and threonine synthe-
sis have been subjected to numerous studies.

The Daucus carota cell culture system has been used
for more than two decades as a model system for embryo-
genesis and cell culture studies due to its rapid growth in
cell culture and ability to regenerate into plants (Steward
et al. 1958). Protoplasts of Daucus carota have been fused
with protoplasts of other Daucus species (Kameya et al.
1981; Harms et al. 1981) or Umbellifera family members
(Dudits et al. 1979 and 1980). Proof of somatic hybridiza-
tion has rested upon the use of biochemically selectable
markers, chromosome number and isoenzyme patterns.
There are no reports in the literature on characterization
of the chloroplast and mitochondrial DNAs of these fusion
products or the parent cell lines, or on the effect of somatic
hybridization on the regulation of a biosynthetic pathway.
In this paper we report the first characterization of chloro-
plast and mitochondrial DNAs from D. carota, D. capillifo-
lius and a somatic hybrid of these two species. Furthermore,
we report the first analysis of the effects of somatic hybrid-
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ization upon the regulation and activity of enzymes in a
biosynthetic pathway, including the formation of a unique
isoenzyme form of homoserine dehydrogenase in the so-
matic hybrid.

Materials and methods

Plant material. Cell lines of Daucus carota L. (garden car-
rot} 2n=18), D. capillifolius (2n=18), and the somatic hy-
brid (2n=136) were described previously by Kameya et al.
(1981). The garden carrot was established in culture in 1967
and later selected for resistance to azetidine-2-carboxylate
(A2C) and S-methyltryptophan (SMT) (Widholm 1977).
The D. capillifolius and somatic hybrid have been main-
tained as cell suspension cultures for the past 3 years. Cells
were grown by inoculating 0.25 g fresh weight cells into
50 ml liquid Murashige and Skoog (1962) medium contain-
ing 0.4 mg/l 2,4-dichlorophenoxyacetic acid and shaking
(150 rpm) at 28° C.

Organelle DN A4 isolation. Suspension culture cells were con-
verted into protoplasts by incubating 3 h at 28° C in 0.5%
cellulase “Onozuka” RS (Yakult Pharmaceutical Industry
Co., Ltd., Nishinomiya, Japan), 0.05% Pectolyase Y-23
(Seishin Pharmaceutical Co., Ltd., Nishinomiya, Japan), in
Solution I, containing 0.3 M sorbitol, 0.3 M mannitol,
3 mM MES (2 N-morpholino ethane sulfonic acid), 0.6 mM
CaCl,2H,0, 0.7 mM NaH,PO,-2H,0 (pH 5.6). The pro-
toplasts were washed in Solution I, collected by centrifuga-
tion at 150 x g, resuspended in ice-cold lysis buffer contain-
ing 300 mM sorbitol, 100 mM Tris-OH, (pH 7.8), 1 mM
EDTA, 0.1% bovine serum albumin and 0.1% f-mercapto-
ethanol, and incubated on ice for 20 min. The protoplasts
were ruptured by gentle passage through an 18 gauge needle
and the nuclei and cellular debris collected by centrifugation
at 160 x g for 10 min at 4° C. The supernate was centrifuged
at 3000 x g for 7 min at 4° C to collect the plastids. The
plastid pellet was kept on ice while the supernatant was
centrifuged at 6,000 x g for 15 min. The pellet, containing
both plastids and mitochondria, was discarded. The super-
natant was then centrifuged at 12,000 x g for 15 min at 4° C
to collect the mitochondria. The plastid and mitochondrial
pellets were individually resuspended in 2.0 ml containing
50 M Tris-HCI (pH 8.0), 20 mM EDTA and 2.5% Sarko-
syl. The suspensions were incubated at 65° C for 30 min
with occasional swirling to aid mixing and organelle lysis.
CsCl was added to 4.0 M and incubated at 4° C for 1 h.
The preparations were centrifuged at 12,000 x g, 15 min,
4° C. The clear liquid was retained and adjusted to a refrac-
tive index of 1.3955 with CsCl. Bisbenzimide (DeBonte
et al. 1984) was added (1.5 mg/9 ml), and the preparations
were centrifuged at 106,000 x g for 24 h at 4° C. The plastid
and mitochondrial DNA bands were removed, extracted
3 x with isopropanol to remove the bisbenzimide, dialysed
exhaustively against TE buffer, containing 10 mM Tris-HCl
(pH 8.0) and 1 mM EDTA. The DNAs were concentrated
by overnight precipitation with cold ethanol, collected by
centrifugation and resuspended in TE buffer.

Organelle DNA restriction analysis. Organelle DNAs were
digested with several restriction endonucleases by methods
recommended by the supplier (Bethesda Research Labora-
tory, Gaithersburg, MD). Approximately 2 pg of DNA

were digested in a total volume of 30 pl for 4 h at 37° C.
The digested DNA was analyzed on 0.7% and 1.0% agar-
ose gels. Gels were stained with ethidium bromide, and
photographic negatives of the gels were scanned on a Gil-
ford spectrophotometer with a microprocessor which al-
lowed migration distances and areas under peaks to be com-
puted.

Enzyme extraction and analysis. Cell suspension cultures
were grown for 6 days and then harvested as described
by Matthews and Widholm (1978). All enzyme extraction
procedures were conducted at 4° C unless stated otherwise.
Enzyme activities were extracted as described previously
by Matthews and Widholm (1978). Aspartokinase activity
was assayed using the hydroxamate assay procedure (Mat-
thews and Widholm 1978). The assay mixtures, containing
40 mM ATP, 20 mM MgSO, and 50 mM vL-aspartate, were
incubated at 30° C for 60 min. One unit of aspartokinase
activity is equal to the amount of enzyme necessary to pro-
duce 1.0 pmole of f-aspartyl phosphate/h. All assays in-
cluded controls lacking aspartate. Homoserine dehydroge-
nase activity was assayed as described by Matthews and
Widholm (1978). Assay mixtures contained 15 mM homo-
serine, 15 mM NAD, and 0.1 M KCl. One unit of enzyme
activity is equal to the amount of enzyme required to pro-
duce a 0.001/min change in A,,,. Assay mixtures lacking
homoserine were used as controls. Dihydrodipicolinic acid
synthase activity was measured using the o-aminobenzalde-
hyde assay method of Yugari and Gilvarg (1965) as modi-
fied by Matthews and Widholm (1978). Reaction mixtures
contained 1.5 mM D,L-aspartic-f-semialdehyde, 37 mM py-
ruvate, 0.02 M Tris buffer (pH 8.2) and 0.5 mg o-amino-
benzaldehyde. One unit of enzyme activity is equal to the
amount which produces 0.001/min change in A, at 37° C.
Assay mixtures lacking pyruvate were used as controls.

Protein was determined by using a Bio-Rad (Richmond,
CA) Protein Assay Kit. Homoserine dehydrogenase activity
in enzyme extracts were subjected to electrophoresis in hori-
zontal, 0.7% agarose gels submerged in a 43 mM Tris-OH,
46 mM glycine (pH 8.91) buffer. Enzyme activity was lo-
cated by enzyme-specific staining techniques reported pre-
viously (Matthews and Widholm 1978).

Amino acid analysis. Three independent extractions and de-
terminations for amino acid content were made for each
cell line. Amino acids were extracted according to the meth-
od of Bielski and Turner (1966). The extracts were evapor-
ated to dryness, resolubilized in 0.2 M lithium citrate
(pH 2.2) and analyzed using a Beckman model 119 CL ami-
no acid analyzer.

Results

Organelle DNA analysis

Restriction patterns of plastid DNA from Daucus carota,
D. capillifolius and the interspecific somatic hybrid were
identical when digested with either HindIII, Sall or Pstl.
However, differences in the plastid DNAs of D. carota and
D. capillifolius were apparent when the plastid DNAs were
digested with Hpall (Fig. 1). Furthermore, digestion of the
plastid DNA from the somatic hybrid with Hpall indicated
that the hybrid’s plastid genome was the same as the D.
carota parent. No new fragments were present in any of
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Fig. 1. Restriction fragment patterns of chloroplast DNA from D. carota (lane 2), somatic hybrid (lane 3) and D. capillifolius (lane 4)
separated on a 0.7% agarose gel after digestion with Hpall. Lares I and 5 are HindIII digests of ADNA. The arrow indicates a

missing band in lane 4

Fig. 2. Restriction fragment patterns of mitochondrial DNA from D. carota (lanes 1, 5, 9), somatic hybrid (2, 6, 10) and D. capillifolius
(lanes 3, 7, 11). The carrot mtDNAs were digested with Sall (lanes 1-3), Pstl (lanes 5-7) or HindIII (Janes 9-11). Lanes 4 and &8 are
HindIII digests of ADNA. DNA fragments were separated on a 0.7% agarose gel

the restriction patterns of the somatic hybrid plastid DNA,
suggesting that no major rearrangements of the plastid ge-
nome occurred.

In contrast, the mitochondrial (mt) DNA restriction
patterns of D. carota and D. capillifolius were different from
each other and from the somatic hybrid (Fig. 2). Fragments
unique to the DNA of the somatic hybrid indicate that
rearrangements of the mtDNA occurred. Rearrangement
of the mtDNA appears to be fusion-specific and not due
to cell culture conditions. For example, prolonged culturing
of selected sublines of D. carota has not noticeably affected
its mtDNA. The parent cell line was initiated by Widholm
in 1967. An S(2-aminoethyl)-L-cysteine (AEC) resistant sub-
line was derived from it in 1973 and characterized as a
lysine-uptake mutant in 1979 (Matthews et al. 1980). The
A2C D. carota subline used in this paper for fusion was
selected from the original cell line in 1977 (Widholm 1977).
The mtDNAs from the parent and its two derivative lines
have identical restriction patterns using Sall, HindIII and
Pstl. Other cell culture manipulations similarly indicate that
the mtDNA is stable (Matthews and DeBonte 1984).

A composite of mtDNA restriction fragments from each
cell line was assembled from analysis of 0.7% and 1.0%
agarose gels. The composite of the Sall restriction patterns
for the mtDNA of D. carota has 27 bands, while D. capilli-
Sfolius has 28 bands. Of these bands, 16 appear to be in
common with both D. carota and D. capillifolius, while 11
are specific to the D. carota and 12 are specific to the D.

capillisolius mitochondrial genome. The somatic hybrid
mtDNA has 16 fragments in common with both parents,
6 fragments in common only with D. carota, 5 fragments
in common only with D. capillifolius and 3 unique frag-
ments. Thus, the somatic hybrid contained fragments in
common with one or the other parent, or both parents.
Three fragments were also present in the restriction pattern
of the somatic hybrid mtDNA which were not present in
cither parent. Similar results were obtained when the
mtDNAs were restricted with Pstl and HindITL

Although the complexity of the restriction pattern pre-
vented accurate determination of the molecular weights of
the mtDNAs, estimates of the sizes were made in which
multiple fragments of a similar size were determined by
the intensity of the DNA band. Using data from restriction
patterns of Sall and Pstl the size of the mtDNA of the
somatic hybrid and parental cell lines were estimated to
range between 400 and 450 kb. Digestion of the mtDNA
from the somatic hybrid always generated more fragments
than the mtDNA from either parent.

Enzyme and amino acid analysis

Electrophoretic analysis of enzyme extracts of the two par-
ents and the somatic hybrid indicated that the hybrid con-
tained two major forms of homoserine dehydrogenase
(Fig. 3). The relative migration of the slower moving form
coincided with that of the single form found in D. capillifo-
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Fig. 3. Homoserine dehydrogenase

activities of the somatic hybrid

(lane 1), D. capillifolius (lane 2) and

D. carota (lane 3) on a 0.7% agarose
—— gel

Table 1. Enzyme activities in extracts from cell suspension cultures
of line D. carota, D. capillifolius, and their somatic hybrid

D. carota Hybrid  D. capilli-

Jfolius
Aspartokinase
Specific activity 0.136 0.167 0.150
Relative activity 0.77 1.76 0.94
% activity (10 mM lysine) 19 16 17
% activity (10 mM threonine) 81 79 80
Homoserine dehydrogenase
(NAD)
Specific activity 129 124 93
Relative activity 688 944 682
% activity (10 mM threonine) - 41 39 53
Dihydrodipicolinic acid synthase
Specific activity 64 74 52
Relative activity 259 542 456
% activity (10 mM lysine) 95 95 94

lius. The faster moving form in the hybrid did not coincide
with either the single D. capillifolius or two D. carota forms,
but was unique to the somatic hybrid. The activity and
feedback inhibition of aspartokinase, homoserine dehy-
drogenase and dihydrodipicolinic acid synthase were exam-
ined in enzyme extracts from both parents and the somatic
hybrid (Table 1). The hybrid possessed slightly higher as-
partokinase and dihydrodipicolinic acid synthase specific
activities (units of enzyme activity/mg protein), however,
the relative activities (units of enzyme activity/g fresh
weight) of all three enzymes were greater in the somatic
hybrid than in cither parent cell line. No major differences

Table 2. Analysis of free amino acid pools?

D. carota Hybrid D. capillifolius

Amino acid

(nmoles/g Frwt)

Threonine 1300 220 300

Lysine 240 90 80
Methionine 95 40 70

Isoleucine 550 250 90
Tryptophan 325 75 4

Proline 9000 140 600

# Data are averages of three determinations using 6-day-old cell
suspension cultures

in sensitivity to end product amino acids were noted, al-
though homoserine dehydrogenase activity from D. capilli-
folius was consistently slightly less sensitive to threonine
inhibition than that from D. carota or the somatic hybrid.

The levels of the free amino acid pools present in the
parental lines, the SMT resistant D. carota and the D. capil-
lifolius and the somatic hybrid were similar for most amino
acids. The levels of the aspartate pathway amino acids,
lysine and methionine were similar within experimental er-
ror also (Table 2). However, the level of the threonine free
pool was higher in the 5MT resistant D. carota parental
line than in the D. capillifolius parental line or in the hybrid,
while isoleucine appeared to be only slightly higher in D.
carota. The SMT resistant D. carota cell line also contained
higher levels of free tryptophan and proline than the so-
matic hybrid and D. capillifolius. The D. carota parental
cell line was originally selected for 5-methyltryptophan re-
sistance, and thus might be expected to contain higher levels
of tryptophan. It was also selected for azetidine-2-carboxyl-
ate resistance, hence higher proline levels. The hybrid did
not contain these higher levels of tryptophan and proline,
although the tryptophan pool level was intermediate to the
levels in the parent cell lines.

Discussion

The D. carota — D. capillifolius somatic hybrid described
here is the first in the Daucus genus to be analyzed in depth
for its organelle content and for changes in a biochemical
pathway. In this hybrid the plastid DNA was the same
as that of the parental D. carota. However, the mtDNA
of the hybrid was a mixture of both parents. Rearrange-
ments of the mitochondrial genome were indicated by the
appearance of novel fragments not found in either parent.
These observations are similar to those made with somatic
hybrids of members of the Solanaceae family. In separate
studies Belliard et al. (1979), Nagy et al. (1981), and Galun
et al. (1982) analyzed somatic hybrids resulting from inter-
specific fusions and determined that no rearrangement of
the chloroplast DNA occurred in the resulting hybrids, but
that mtDNA rearrangements did occur. The hybrid
mtDNA contained some, but not all, fragments of both
parents, and in most hybrids, unique fragments were also
found which were not present in the mtDNA restriction
patterns of either parent.

Boeshore et al. (1983) have extended these observations
to somatic hybrids derived from cytoplasmic male sterile
and fertile Petunia. Although they did not observe a clear



correlation between the mtDNA restriction fragment pat-
tern and cytoplasmic male sterility, they did observe exten-
sive rearrangements of the mitochondrial genome. None
of the mtDNA restriction patterns of the somatic hybrids
resembled the restriction fragment pattern of either parent.
This is in contrast to the observations of Belliard et al.
(1979) and Galun et al. (1982) who observed restriction pat-
terns of somatic hybrids to closely resemble those of one
of the parents. The Daucus restriction pattern of the somatic
hybrid we analyzed contained restriction fragments appar-
ently from both parents, with few novel fragments, and
did not appear to favor one parent greatly over the other.

Aspartokinase, homoserine dehydrogenase and dihyd-
rodipicolinic acid synthase, enzymes in the pathway for ly-
sine, threonine and methionine synthesis, were chosen for
study because of their important roles in the synthesis of
essential amino acids and because they appear to be nuclear
encoded but compartmented for the most part in the chloro-
plast (Bryan et al. 1977, Lea et al. 1979; Mills and Wilson
1978 ; Wallsgrove et al. 1983; Sainis et al. 1981). This allows
the study of nuclear-cytoplasmic interaction in somatic hy-
brids using an important metabolic pathway.

Analysis of several key regulatory enzymes in the path-
way for lysine, threonine and methionine biosynthesis indi-
cated that the enzyme activities in this pathway are some-
what higher in the somatic hybrid than in either parent
cell line. The relative activities of all three enzymes were
elevated, while the specific activities of both aspartokinase
and dihydrodipicolinic acid synthase were also elevated.
Elevation of the specific activities of these enzymes in rela-
tion to other cellular proteins was not necessarily expected
because the levels of many proteins may be elevated in
the hybrid due to the presence of both parental genomes.
The presence of a unique isoenzymic form of homoserine
dehydrogenase in the hybrid was also unexpected. One of
the two major forms of homoserine dehydrogenase in the
somatic hybrid comigrated with the D. capillifolius form,
while only a faint band of homoserine dehydrogenase activ-
ity of the hybrid comigrated with the slower moving of
the two D. carota homoserine dehydrogenase activities. The
presence of a unique form of homoserine dehydrogenase
in the somatic hybrid suggests that this enzyme is multi-
meric and the unique form may be a composite of subunits
of the parental homoserine dehydrogenases. In fact, prelim-
inary evidence (Matthews, unpublished) indicates that this
enzyme is a dimer.

In this somatic hybrid the general regulation of the en-
zymes in this pathway does not appear to be grossly per-
turbed, in that the feedback inhibition of enzyme activities
by end products was similar in both parents and the somatic
hybrid.

The levels of the pools of free amino acids which are
end products of the aspartate pathway indicated that only
threonine levels were different between the two parental
lines. More significant were the levels of tryptophan and
proline which were overproduced by D. carota, the SMT
and A2C resistant parent cell line. It would be expected
that the somatic hybrid would overproduce tryptophan, be-
cause the cybrid was selected from non-cybrids initially by
its growth in SMT levels inhibitory to D. capillifolius (Ka-
meya et al. 1981). Resistance to SMT was expressed as a
semi-dominant character, and the intermediate level of the
tryptophan free pool also indicates semi-dominance. How-
ever, callus from a regenerated somatic hybrid plant was
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resistant to A2C as well as SMT (Kameya et al. 1981). No
indication of A2C resistance is apparent by the proline lev-
els found in the somatic hybrid.

Somatic hybridization may be useful in revealing aspects
of biochemistry of specific enzymes and may create new
isoenzymic forms. These novel isoenzymes could have use-
ful regulatory or catalytic properties which are different
from those found in the parents.
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