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Abstract

Chromosomal rearrangements may complicate construction of Arabidopsis with
multiple TDNA-insertion mutations. Here, crossing two lines homozygous for
insertions in AtREV3 and AtPOLH (chromosomes I and V, respectively) and
selfing F1 plants yielded non-Mendelian F2 genotype distributions: frequencies of
+/++/+ and 1/1 2/2 progeny were only 0.42 and 0.25%. However, the normal
development and fertility of double mutants showed AtPOLH-1 and AtREV3-2
gametes and 1/1 2/2 embryos to be fully viable. F2 distributions could be
quantitatively predicted by assuming that F1 selfing produced inviable (1,2) and
(+,+) gametophytes 86% of the time. Some defect intrinsic to the F1 selfing
process itself thus appeared responsible. In selfing AtREV3 +/2 single mutants,
imaging of ovules and pollen showed arrest or abortion, respectively, of half of
gametophytes; however, gametogenesis was normal in AtREV3 2/2 homozygotes.
These findings, taken together, suggested that T-DNA insertion at AtREV3 on
chromosome I had caused a reciprocal I–V translocation. Spreads of meiosis I
chromosomes in selfing AtREV3 +/2 heterozygotes revealed the predicted
cruciform four-chromosome structures, which fluorescence in situ hybridization
showed to invariably include both translocated and normal chromosomes I and V.
Sequencing of the two junctions of T-DNA with AtREV3 DNA and the two with
gene At5g59920 suggested translocation via homologous recombination between
independent inverted-repeat T-DNA insertions. Thus, when crosses between
TDNA-insertion mutants yield anomalous progeny distributions, TDNA-linked
translocations should be considered.
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Introduction

Sophisticated genetic analyses are increasingly being employed to elucidate
complex phenomena in Arabidopsis. Rine (2005) has noted that “although the
analysis of single and double (yeast) mutants has proven useful, there is nothing
quite as revealing as the phenotypes of the right triple mutant, unless of course it
is the critical quadruple mutant.” In Arabidopsis the availability of hundreds of
thousands of lines marked by TDNA-insertion mutations would seem to make
construction of double-mutant and even triple-mutant lines quite straightforward.
However, chromosomal rearrangements are often induced during T-DNA
insertion. In some TDNA-mutant screens, up to 17% of the insertion mutants
showed chromosomal rearrangements (Castle et al. 1993). TDNA-induced
inversions and translocations have been described (Nacry et al. 1998; Laufs et al.
1999; Tax and Vernon 2001; Lafleuriel et al. 2004). Such chromosomal
rearrangements often do not impart an obvious phenotype and thus go unnoticed.
However, in genetic crosses segregation of parental loci within the rearranged
chromosomes may cause progeny distributions to markedly deviate from
Mendelian expectations (Patterson 1978). Inversions would reduce
recombination within the inverted chromosomal regions and translocations
would change linkage groups. These distortions can only be recognized when
genetically tracking two loci.
Tolerance of UVB-induced DNA damage by the translesion synthesis
polymerases Pol η and Pol ζ was previously studied in irradiated Arabidopsis

roots, using mutants in which the respective genes, AtPOLHand AtREV3, had
been disrupted by T-DNA insertion (Curtis and Hays 2007). When crossing the
single mutants (AtPOLH-1 and AtREV3-2) to construct a double mutant for the
studies, we observed highly non-Mendelian distributions of genotypes among the
F2 progeny of selfed F1 double heterozygotes.
Such abnormal progeny distributions might reflect specific genotype effects on
gametophyte development, during which roughly half of Arabidopsis genes are
expressed (Honys and Twell 2004). Alternatively, the selfing process itself might
generate inviable gametes in a genotype-specific manner. For example, aberrant
meiosis engendered by reciprocal translocations involving T-DNA insertions
associated with specific mutations might produce gametes lacking portions of
chromosomes. The absence of genes located on these missing chromosome
regions might affect gametophyte development, even if the TDNA-insertion
mutations did not.
Previous investigations of translocations in Arabidopsis were incomplete in one
or more respects, so did not integrate a comprehensive set of phenomena into a
complete picture. Here we describe quantitative analyses of the (non-Mendelian)
distributions of genotypes among F2 progeny of selfed F1 AtPOLH +/1 AtREV3 +/2
double-heterozygotes and of the (Mendelian) distributions among F3 progeny of
selfed (1/1 +/2) and (+/1 2/2) F2 plants. These progeny distributions could be
quantitatively explained simply by assuming loss of double-mutant and doublewt ovules and pollen, mitigated by a single meiotic cross-over that allowed 14% of
both to survive. Selfing AtPOLH +/1 AtREV3 +/2 double-heterozygotes did show
post-meiotic ovule arrest and pollen abortion. Loss of double-mutant and doublewt gametes is consistent with a reciprocal translocation involving chromosome V
(AtPOLH linkage group) and chromosome I (AtREV3 linkage group). Analyses of
meiotic-chromosomal spreads by microscopy and chromosome-specific
fluorescence in situ hybridization (FISH) supported this hypothesis. Broader
implications of translocation via apparent TDNA–TDNA homologous
recombination for construction of multiply mutant lines are considered.

Materials and methods

Growth and plant crosses
Arabidopsis lines AtREV3-2/2 (SALK_029237) and AtPOLH-1/1 (SALK_129731)
were previously isolated (Curtis and Hays 2007) from the respective T3 seed
populations, generated by the Salk Institute Genomic Analysis Laboratory and
obtained from the Arabidopsis Biological Resource Center. F1 AtPOLH+/1 AtREV3
+/2 double heterozygotes were derived from manual fertilization of AtREV3-2/2
ovules byAtPOLH-1/1 pollen. For segregation analyses, progeny of selfed F1 or F2
double heterozygotes were genotyped using PCR analyses (see Identification of
genotypes). All plants were routinely grown in a Percival PGC-105 growth
chamber maintained at 22°C, under cool white fluorescent lights (Phillips
F72T12/CW/VHO, 16/8 h photoperiod, output of 80 μmol m−2 s−1).

Identification of genotypes
Genotypes were determined by PCR analysis of genomic DNA extracted from
single leaves, as previously described (Curtis and Hays 2007). Gene-specific
primers for AtREV3 were 5′-CCT TGC ATC ATC TCA ATG ACG GCT CC-3′ (Ra5′
primer) and 5′-CGA GCT GCA CGT TTT GAC TTC C-3′ (Ra3′primer). AtPOLH
gene-specific primers were 5′-CAT TCT ATG TGT TGT CGC TGC AGG TGG-3′
(5′primer) and 5′-CCT TGT TAT GGG CTA TGC CAG CAG AAC-3′ (3′primer).
For tracking insertion lines, respective gene-specific PCR primers were used with
a primer specific to the left-border of the SALK T-DNA (5′-CCA CCC CAG TAC
ATT AAA AAC GTC CGC-3′).
Imaging of gametophyte development
Inflorescence tissues were fixed in FAA (3.7% formalin, 5% acetic acid, 50%
ethanol) overnight at 4°C, as described by Siddiqi et al. (2000). The fixed tissue
was rinsed once with 50% ethanol and then dehydrated by washing successively
with a series of acetone solutions (50, 75, 90 and 100%), for 15 min each. The
tissue was then incubated for 2 h in methyl benzoate and overnight in a 7:1 (v/v)
mixture of methyl benzoate with Spurr’s resin (MBSR suspension). Ovules were
dissected with tungsten needles under a dissecting microscope onto a glass slide.
Dissected ovules were mounted in MBSR suspension under a coverslip and
examined using a Leica DMRB microscope (Leica Microsystems, Wetzler,
Germany) with differential-interference-contrast optics.
Inflorescence tissue for dissection of anthers was fixed with FAA (see above),
rinsed once in 1× phosphate-buffered saline (PBS): 137 mM NaCl, 2.7 mM KCl,
4.3 mM Na2HPO4 and 1.4 mM KH2PO4, pH 7.3), and washed overnight in a
solution of 1% Tween detergent in 1× PBS. Anthers were then stained overnight
with 10 μM Hoechst dye in 0.04% Tween/0.02× PBS. Pollen grains were released
into 40% glycerol using tungsten needles, mounted under coverslips and imaged
with the Leica DMRB epifluorescence microscope. The epifluorescence
microscope was fitted with a mercury lamp and an appropriate filter set (Chroma
Technology Corp., Rockingham, VT, USA) for imaging Hoechst 33342 dye (filter
set 11000v3: UV). Epifluorescence images were captured using a CoolSNAP-Pro
digital camera operated using Image Pro PLUS software (MediaCybernetics,
Silver Spring, MD, USA).
Cytology
Spreading of meiocyte chromosomes was carried out as described in (Grelon et al.
2001). The FISH was performed according to (Lysak et al. 2006). A 9 kb clone
containing 18S-5, 8S-25S Triticum aestivum rDNA (pTa71 (Gerlach and
Bedbrook 1979)) and two BACs from the short arm of chromosome V (F7J8,
F2I11) were labeled by digoxigenin nick translation mix according to the
manufacturer’s instructions (Roche, Nutley, NJ, USA) and were detected by

mouse anti-digoxigenin antibodies (Roche), rabbit anti-mouse FITC and goat
anti-rabbit Alexa-488 antibodies (Molecular Probes, Eugene, OR, USA). A 3.5-kb
fragment of 5S A. thaliana rDNA (pCT4.2; Campell et al. 1992) and two BACs
from the chromosome III (F8J2, T4P13) were labeled by biotin nick translation
mix according the manufacturer’s instruction (Roche) and detected by AvidinTexas Red and goat biotinylated anti-avidin D antibodies (Vector laboratories,
Orton Southgate, Peterborough, UK). All observations were made using a Leica
(Leica Microsystems) DMRXA2 microscope; photographs were taken using a
CoolSNAP HQ (Roper Scientific, Tucson, AZ, USA) camera driven by Open-LAB
4.0.4 software; all images were further processed with OpenLAB4.0.4 or
AdobePhotoshop 7.0 (http://www.adobe.com).
Mapping of T-DNA junctions
T-DNA/genomic junctions were mapped using adapter-ligation-mediated PCR
(“anchored-PCR”) as described by O’Malley et al. (2007), with modifications.
Briefly, genomic AtREV3 2/2 DNA (200 ng), 0.28 μM “Eco” Adapter DNA, and
0.28 μM “Hind” adapter DNA were digested with 50 U EcoRI endonuclease (New
England Biolabs, Ipswich, MA, USA) and 5 U HindIII endonuclease (Invitrogen,
Carlsbad, CA, USA) in the presence of 5 U T4 DNA-ligase (Invitrogen) for 6 h at
37°C in 1× T4 ligase buffer [40 mM Tris–HCl (pH 7.8 at 25°C), 10 mM MgCl2,
10 mM dithiothreitol, 0.5 mM ATP (Fermentas, Glen Burnie, MD, USA)].
Adapter ligation was completed in a thermocycler: 37°C for 10 s, 10°C for 10 s,
repeat for 198 cycles and finished with 20 min at 65°C.
The adapter-ligated genomic DNA (1 μl) was the template for PCR using primers
LBa1 and AP1 (O’Malley et al. 2007) in 1× Taq buffer [50 mM KCl, 10 mM Tris–
HCl (pH 9.0 at 25°C), 1.5 mM MgCl2, 0.1% Triton X-100] with 1 U Taq
polymerase (GenScript, Piscataway, NJ, USA). PCR amplification was carried out
for 10 cycles at 96°C for 20 s and 72°C for 140 s, followed by 15 cycles at 96°C for
20 s and 67°C for 140 s. PCR reactions were diluted 1:5 in distilled H2O; 1.5 μl of
the diluted product was used as the template for a second (“nested”) PCR
reaction using primers LBb1 and AP2 (O’Malley et al. 2007): 5 cycles at 96°C for
30 s, 94°C for 20 s and 72°C for 140 s, followed by 23 cycles at 96°C for 20 s, 67°C
for 20 s and 72°C for 130 s.
Products from the nested PCR reaction were cloned in vector pCR®4 using a
TOPO TA Cloning Kit for Sequencing (Invitrogen) and transformed into
chemically competent E. coli DH5α by standard procedures. Twelve individual
colonies were isolated and plasmid DNA was purified using a QIAprep Spin
Miniprep Kit (Qiagen, Valencia, CA, USA). Purified plasmids were sequenced
using both T3- and T7-promoter primers.
The junction of the 3′end of APP2C with the CEN side of the T-DNA (as shown in
Fig. 6) was PCR amplified using primer P3′ (5′-CAA ATC TCC TCC TCC AAC CA3′) and a TDNA-specific primer (5′-TTT GGG TGA TGG TTC ACG TA-3′). The
extent of T-DNA leftwards (as shown in Fig. 6) from the junction of the 5′ end of

AtREV3 with the RETEL side of the T-DNA was PCR amplified using primer Rb5′
(5′-AAA GCG TTT TCC CTT ACG AA-3′) and a TDNA-specific primer (5′-GGC
ATG CAC ATA CAA ATG GA-3′). The extent of T-DNA rightwards from the
junction of the 3′ end of AtREV3 with the CEN side of the T-DNA was PCR
amplified using primer Rb3′ (5′-GGC CTG AAA TCT GAG ACA GC-3′) and a
TDNA-specific primer (5′-AGA CAA TCG GCT GCT CTG AT-3′).

Results

Anomalous segregation of progeny of selfed AtPOLH +/1 AtREV3 +/2
double heterozygotes
The double heterozygotes selfed were either F1 progeny from crosses of AtPOLH
1/1 with AtREV3 2/2 homozygous mutants, or F2 progeny from the F1 selfing. PCR
genotyping of hundreds of progeny plants showed selfing of both F1 (Table 1) and
F2 (Supplementary Table 1) AtPOLH +/1 AtREV3 +/2 double heterozygotes to yield
similarly skewed distributions. Of 1,189 total progeny from several selfings
ofAtPOLH +/1 AtREV3 +/2 F1 or F2 double heterozygotes, only three double
mutants and five wild-type progeny were recovered. Because AtPOLH is on
Arabidopsis chromosome V and AtREV3 is on chromosome I, the genes should
normally assort independently. Three genotypes were overrepresented while six
were underrepresented. Closer analysis revealed interesting correlations between
progeny distributions and inferred parental-gamete genotypes (Fig. 1). The
severely underrepresented (1/1 2/2and +/++/+) progeny genotypes (Fig. 1,
dotted boxes) can only arise from unions of genetically identical double-mutant
male and female gametes, both (1,2) or both (+,+). The strongly overrepresented
(1/1 +/+ and +/+ 2/2) progeny genotypes (solid boxes) must arise from unions of
genetically identical single-mutant gametes, both (1, +) or both (+, 2); neither of
their parental gametes can be double-mutant or double-wt. The moderately
underrepresented (1/1 2/+ ,+/1 2/2, +/1 +/+, and +/++/2) progeny must be
derived from unions of double-mutant (1,2) or (+,+) gametes with single-mutant
(1, +) or (+,2) gametes. Finally, the modestly overrepresented (+/1 +/2) progeny
can be derived both from unions of (1, +) and (+,2) gametes with one another and
from unions of two (1,2) double-mutant gametes with (+,+). These correlations
directed our attention to possible deficiencies in the genesis and/or viability of
(+,+) and (1,2) gametes.
Table 1
Non-Mendelian segregation in F2 progeny of selfed AtPOLH +/1 AtREV3 +/2 F1
heterozygotes
F2 Progeny
genotypea

Obs.b (freq.)

Expect
1c (freq.)

Expect
2d (freq.)

AtPOLH

AtREV3

1/1

2/2

2 (0.005)

27 (0.062)

2 (0.004)

+/1

2/2

20 (0.05)

54 (0.125)

23 (0.053)

+/+

2/2

66 (0.15)

27 (0.062)

83 (0.195)

1/1

+/2

24 (0.06)

54 (0.125)

23 (0.053)

+/1

+/2

173 (0.40)

108 (0.25)

168 (0.39)

+/+

+/2

24 (0.06)

54 (0.125)

23 (0.053)

1/1

+/+

90 (0.21)

27 (0.062)

83 (0.195)

+/1

+/+

29 (0.07)

54 (0.125)

23 (0.053)

+/+

+/+

2 (0.005)

27 (0.062)

2 (0.004)

AtREV3-2 and AtPOLH-1 alleles contain a T-DNA insertion. + indicates wildtype alleles
bObserved number of respective genotypes determined by PCR analysis of F2
progeny, as described under Sect. “Materials and methods”
cExpected progeny distribution for Mendelian segregation of two independent
loci. Chi-square test of observed distribution: χ 2 = 355.0; for degrees freedom = 8,
P < 0.005
dExpected progeny distribution for segregation when AtPOLH + AtREV3 + and
AtPOLH-1 AtREV3-2gamete frequencies are each reduced from 0.25 (normal) to
0.06 of total gametes. Chi-square test of observed distribution: χ 2 = 8.16; for
degrees freedom = 8, P > 0.10
a

Fig. 1
Expected F2 progeny from selfed F1 parents heterozygous at two independent
loci. Progeny that derive solely from unions of gametes that are each mutant at
one locus but wt at the other (AtPOLH + AtREV3-2and AtPOLH-1 AtREV3 +) are
enclosed by the solid-line box. Progeny derived solely from unions of gametes
that are both double-mutant and/or double-wt (AtPOLH-1 AtREV3-2 and
AtPOLH + AtREV3 +) are enclosed by the dashed-line boxes
Table 1 (and Supplementary Table 1) show the observed genotype distributions to
differ dramatically from Mendelian expectations (“Expect 1”): very low

probability (P < 0.005, Chi-square test) that the differences are due to chance.
The data do correspond reasonably well to the prediction (“Expect 2”) for a
hypothetical case in which the average yields of double wild-type and double
mutant gametes were sharply reduced, so as to produce 6:6:44:44
(1,2: + ,+:1, + :+,2) gamete-frequency distributions (in contrast to the normal
25:25:25:25); the small deviations between observed and Expect 2 may be due to
chance (P > 0.10). Other hypothesized gamete ratios predicted progeny
distributions that fitted our observations less well. For example, comparison of
progeny distribution to that expected for 1,2 and +,+ gamete frequencies of 5%
yields a Chi-square value of 21.4, while comparison to 7% yields a Chi-square
value of 15.4. For 6%, the Chi-square value was 11.2 (Supplementary Table 1).
The observed non-Mendelian distribution is not due to unequal production or
detection of allele-specific PCR products used for genotyping. Table 2 and
Supplementary Table 2 demonstrate closely similar PCR detection of the four
alleles (within 6–8%). Table 2 also shows that no AtPOLH or AtREV3 progeny
genotype, considered in isolation, is inherently inviable: the respective singlelocus genotypes are present in the progeny population at Mendelian frequencies.
Furthermore, closer inspection of Table 1 (and Supplementary Table 1) shows
that abnormally low detection of any one of the four alleles (AtREV3+, for
example) among one class of progeny homozygous at the second locus (AtPOLH
+/+ in this example) is always balanced by abnormally high detection among the
other class of progeny homozygous at the second locus (AtPOLH 1/1 in this
example).
Table 2
Summed allele combinations observed at AtREV3 or AtPOLH loci among all
progeny of a selfed F1AtPOLH +/1 AtREV3 +/2 double heterozygote

AtREV3
2/2
a

Observ
ed
Expect
edb

+/
2

88

22
1

108

21
5

+/
+

Total
(2),
(+)

Tota
l (1),
(+)

AtPOLH
1/1
a

+/
1

121

397,
463

116

22
2

108

431,
431

10
8

21
5

+/
+
92

454,
406

108

431,
431

AtREV3-2 and AtPOLH-1 alleles contain a T-DNA insertion. + indicates the
wild-type allele
bExpected progeny distribution for Mendelian segregation of a single locus. Chisquare test shows differences between observed versus expected distributions to
not be significant: for AtREV3, χ2 = 5.3,P > 0.5; for AtPOLH, χ2 = 3.2, P > 0.1
a

The observation that wt (+/+ +/+) genotypes are as rare among progeny of selfed
double F1 heterozygotes as double mutant (1/1 2/2) genotypes suggests already
that the non-Mendelian distribution is not due to intrinsic inviability of AtREV32 or AtPOLH-1 alleles but is inherent in the selfing process. Furthermore, 1/1 2/2
double mutants were recovered at Mendelian frequencies among F3 progeny of
selfed F2 AtPOLH +/1 AtREV3 2/2 and selfed F2 AtPOLH 1/1 AtREV3 +/2 single
heterozygotes (Curtis and Hays 2007). Thus, even the double-null mutant
appears to be fully viable in embryo.
Table 1 (“Expect 2” column) shows the observed F2 genotype distribution to be
fitted reasonably well by simply assuming that some event(s) associated with
meiosis in AtPOLH +/1 AtREV3 +/2 double heterozygotes caused yields of (+,+)
and (1, 2) gamete frequencies to be reduced sevenfold. Although male gametes
are typically in large excess, loss of female gametes would reduce the number of
ovules available for fertilization, and consequently reduce seed set. In fact, selfing
F2 AtPOLH +/1 AtREV3 +/2plants show reduced seed set (23.5 ± 4.7) versus wild
type (44 ± 10.1). However, so do selfing AtPOLH1/1 AtREV3 +/2 and AtPOLH +/+
AtREV3 +/2 F2 plants (21.4 ± 4.2 and 24 ± 5.0, respectively). All F2 plants not
heterozygous at the AtREV3 locus, regardless of AtPOLH genotype, showed
normal seed set (not shown). Thus, reduced seed set was specific to AtREV3 +/2
heterozygosity. To further investigate this phenomenon, which we suspected
might be related to the observed non-Mendelian distributions of the progeny of
selfed double heterozygotes, we analyzed AtREV3 +/2 single heterozygotes.
Analyses of progeny of selfed AtREV3 +/2 heterozygotes
A heterozygous AtREV3 +/2 plant was identified among the original SALK T3
population and self-fertilized. Its progeny were scored for seed set (Table 3). Seed
set was reduced in all of 27 AtREV3 +/2 progeny, to approximately half that of the
wild type or homozygous-mutant (2/2) progeny. Such 50% reduction in seed set
was previously seen in heterozygous mutants defective in female reproductive
development (Drews et al. 1998). Completely infertile homozygotes are typical
for such mutants, but here seed sets of selfed AtREV3 2/2 homozygotes and selfed
wild-type plants were similar (Table 3, column 3). Among these, all siliques
sampled from all +/+ plants and all siliques sampled from 10 of 12 2/2 plants
appeared normal (Table 3, column 4, < 35 seeds); 1 of 5 or 2 of 5 siliques sampled
from two 2/2 plants showed reduced seed set. Importantly, the AtREV3 + and
AtREV3-2 alleles were equally represented even among the reduced numbers of

progeny of selfed AtREV3 +/2 heterozygotes (Table 4). This contrasts with the
reduced transmission of the AtREV3-2 allele that would be expected if it
specifically affected female gamete development. The significance of this
Mendelian distribution among the reduced progeny of selfed AtREV3 +/2
heterozygotes (Table 4) is considered below under “Reciprocal translocation
associated with the AtREV3-2 TDNA-insertion.”
Table 3
Fertility (seed set) of indicated parents
Mean seeds

Siliques with

Per (n) total siliques

<35 Seeds

>35 Seeds

AtREV3

N

2/2

12

46 ± 6.2 (59)

3 (1/5, 2/5)

56

+/2

27

25 ± 4.2b (135)

135 (all 5/5)

0

+/+

9

50 ± 5.1 (43)

0 (all 0/5)

43

aNumber

a

of plants (4–5 siliques scored per plant)
(Student’s t-test) different from +/+ and 2/2 mean

bSignificantly

Table 4
Progeny genotypes segregating from a selfed AtREV3 +/2 heterozygote
AtREV
3

Observed
(%)

Expected
(%)

2/2

64 (24)

66 (25)

+/2

120 (45)

132 (50)

+/+

81 (31)

66 (25)

P ≈ 0.1 for observed versus expected (Chi-square test): not significantly different
To test more completely for equal transmission of both mutant and wild-type
alleles, we performed reciprocal crosses between wild-type (Col-0) and AtREV +/2
parents. All of the six crosses between randomly selected single anthers from
AtREV3 +/2 plants and wt carpels yielded similar frequencies of +/+ and +/2
progeny (mean 19 ± 5 and 17 ± 3, respectively). Similarly, all six crosses between
wild-type (+) anthers and randomly selected carpels from AtREV3 +/2 plants
yielded approximately equal numbers of +/+ and +/2 progeny (mean, 11 ± 2 and
12 ± 4, respectively). Thus, in AtREV3 +/2 heterozygotes there was no

discrimination against mutant (AtREV3-2) pollen or ovaries per se, despite the
reduced seed set.
Ovule development in AtREV3 +/2 heterozygotes
We next used imaging techniques to follow ovule development. Inspection of the
developing seeds in young, fertilized ovaries (siliques) of selfed AtREV3 +/2
heterozygotes showed roughly half to be normal; the other “seeds” were smaller,
suggesting that they were actually unfertilized ovules (data not shown). We then
dissected ovules out from ovaries in flower buds at different stages of
development and viewed them by whole-mount microscopy (Fig. 2). All defined
stages of ovule development (Schneitz et al. 1995) were unambiguously identified.
After completion of meiosis, a single cell is selected to divide (stage 2-IV, arrow)
and the other three meiotic products degenerate (stage 2-IV, arrowhead). Frames
in Fig. 2 show nuclei (white arrows) produced by the three mitotic divisions of
ovules: two nuclei (stage 3-II/III), four nuclei (stage 3-IV), and eight nuclei (stage
3-V). After the third mitotic division one nucleus on each side of the large central
vacuole migrates to the center of the embryo sac. The embryo sac then matures
by fusion of the two central nuclei and cellularization of these and the remaining
nuclei, forming seven cells (stage 3-VI). At this stage the three antipodal nuclei
degenerate (stage 3-VI, dashed circle).
Fig. 2
Whole-mount microscopy of developmentally staged ovules. Ovules were
dissected from fixed and cleared ovaries as described under Sect. "Materials and
methods", and imaged by differential-interference microscopy. Stages of
development are those defined by Schneitz et al. (1995). Stage 2-IV arrow
indicates nucleus of spore selected to undergo gametogenesis. Stage 3-I arrow
indicates nucleus of growing gamete. (Stage 3-II, after the first mitosis but before
the embryo sac vacuole forms, is not shown here.) Stage 3-III arrows indicate
nuclei derived from first gamete mitosis. The embryo sac vacuole is now obvious.
Stage 3-IV arrows indicate nuclei derived from second gamete mitosis. Stage 3V arrows indicate nuclei derived from third gamete mitosis. Stage 3-VI arrows,
from left to right, indicate nuclei of the central cell, egg cell and synergids,
respectively. Dashed circle surrounds the three degenerate antipodal cells. All
panels have the same magnification. Bar 10 μm
To compare ovule development in wild type, AtREV3 2/2 nullizygous and AtREV3
+/2 heterozygous plants, ovules were dissected from a consecutive series of flower
buds of increasing size (six buds per inflorescence), analyzed by whole-mount
microscopy and scored for developmental stage (Fig. 3). The smallest buds
(approximately floral stage 11) define Bud size no. 1 and the largest (floral stage
13) Bud size no. 6 (Fig. 3a–f). Supplementary Figures 1, 2 and 3 show the

fractions of ovules at each stage in each of two to five individual buds of each size
(no. 1 through no. 6) from +/+, 2/2, and +/2 plants, respectively. Figure 3 shows
the summed distributions for +/+, 2/2 and +/2 buds of each size. Progression
through meiosis and the initial degeneration of all but one nucleus (stage 2-IV/V)
appeared similar for all three genotypes (note in Fig. 3a–c the rough coincidence
or near-coincidence of the distributions of ovules). Notably, ovules from the
smallest buds of +/2 heterozygotes showed no obvious deficiencies relative to
+/+ and 2/2. (The small differences among the average distributions seen in
Fig. 3a–c are similar to differences seen for individual buds with the same
genotype (Supplementary Figures 2a–c, 3a–c and 4a–c), so are not considered
significant. However size no. 4 buds showed marked differences between ovules
from +/+ and 2/2 homozygotes (means of 94 and 92% ovules, respectively had
completed the first round of gametophyte mitosis) versus ovules from +/2
heterozygotes (only 14% had completed mitosis, with 62% at stage 3-I). In size no.
6 buds of +/2 heterozygotes, ~ 50% of the ovules were at stage 3-I and still
resembled those shown in Fig. 2 (stage 3-I), with no sign of degeneration. The
remaining ovules in these size no. 6 buds were fully matured, stage 3-VI. During
normal stage 3-I, the gamete genome is copied and separated by mitosis into two
nuclei, whose presence defines the gametophyte to be at stage 3-II. Thus, ovules
from +/2 heterozygotes were arrested at approximately stage 3-I, either prior to
genome replication or the first gametophyte mitosis.
Fig. 3
a–f Ovule development in consecutive buds from wt, AtREV3 2/2 and AtREV3 +/2
inflorescence. Buds of size no. 1 are the youngest dissected; buds of size no. 6 are
the most mature. Stages of ovule development were scored as described in the
legend of Fig. 2. The fraction of total ovules at each developmental stage was
determined for each consecutive sets of buds, by taking the sum of ovules at each
stage and dividing by the total; three wt, three AtREV3 2/2 and five AtREV3 +/2
inflorescences were analyzed. (Supplementary Figures 1, 2, 3 show distributions
for individual buds). Total ovules scored for bud sizes no. 1–6, respectively, were
as follows: wild-type, 63, 83, 100, 68, 76 and 70 (n = 3); AtREV3 2/2, 78, 94, 113,
107, 65 and 70 (n = 3); AtREV3 2/+ , 68, 135, 175, 164, 183 and 192 (n = 5)
Pollen development in AtREV3 +/2 heterozygotes
To determine whether or not the deficiency in reproductive development in
AtREV3 +/2 plants extended to male gametes as well, the primary inflorescences
from two, three and four wild-type, AtREV3 2/2 andAtREV3 +/2 individuals,
respectively, were fixed and then stained with the chromatin-binding Hoechst
dye. Three anthers were removed from each of 11-12 consecutive flower buds per
plant. Pollen was dissected from individual anthers for imaging by differentialinterference or epifluorescence microscopy (Fig. 4). Tetrads initially formed in

AtREV3 +/2 heterozygotes appeared similar to those in AtREV3 2/2 and wt
homozygotes (Fig. 4a–f). No AtREV3 +/2 plants produced dyads or other aberrant
spores, suggesting that meiosis and spore-cell-wall formation were normal.
Pollen released from tetrads at this stage appeared normal (not shown). However,
degenerating pollen were subsequently observed in anthers from AtREV3 +/2
plants only [compare Fig. 4 k, l (arrow) to g–j], by the time the prominent pollen
vacuole was absorbed. At this developmental stage, gametes have not undergone
the first round of mitosis, as indicated by the presence of single nuclei. Analysis
of 5,409, 5,630 and 6,832 pollen grains showed degeneration of 41% of pollen in
AtREV3 +/2 anthers, but <1% degeneration of pollen in wild-type orAtREV3 2/2
anthers, respectively. After the first round of gamete mitosis (Fig. 4 m–r), 42% of
pollen imaged in AtREV3 +/2 anthers was collapsed (Fig. 4q, arrow), but <1%
were collapsed in wild-type orAtREV3 2/2 anthers. The non-collapsed pollen in
AtREV3 +/2 anthers at this stage did show the two nuclei (Fig. 4r, arrowheads),
indicative of mitotic division, as did all wild-type and AtREV3 2/2 pollen
(Fig. 4n, p, arrowheads).
Fig. 4
Pollen development imaged by microscopy. Pollen was dissected out of single
anthers, after fixing primary inflorescences and overnight staining of flower buds
with Hoechst dye, as described under Sect. "Materials and methods". Pollen was
imaged by differential-interference (DIC) or epifluorescence (Hoechst)
microscopy. a–f Tetrads dissected out of anthers from indicated genotype.
Arrows indicate Hoechst-stained nuclei. g–l Pollen, after vacuole absorption,
dissected out of anthers from indicated genotype. Arrowheads indicate single
Hoechst-stained pollen nuclei. Arrows in panels k and l indicate degenerating
pollen. m–r Pollen after first gamete mitosis. Arrowheads in panels n, p and r
indicate two Hoechst-stained pollen nuclei. Arrows in panels q and r indicate
degenerated pollen. Images are representative of two, three and four wild-type,
AtREV3 2/2 and AtREV3 2/+ plants, respectively. All panels show the same
magnification. Bar 20 μm
Reciprocal translocation associated with the AtREV3-2 T-DNA
insertion
The reduced seed set (but Mendelian distribution of progeny) shown by selfed
AtREV3 +/2 heterozygotes, but not AtREV3 2/2 or AtREV3 +/+ homozygotes
suggested that a translocation might be associated with the AtREV3-2 allele. To
investigate this possibility, meiotic chromosomes were spread and imaged by
epifluorescence microscopy (Fig. 5a–h). In wt Arabidopsis, the five pairs of
homologous chromosomes (each chromosome now containing replicated but still
cohesed sister-chromatid pairs) became associated at meiosis, forming five
structures called bivalents that can be distinguished at diakinesis and metaphase

I (Fig. 5a, b). The homologous chromosomes in the bivalents are attached by
chiasmata that are the cytological manifestation of cross-overs. In AtREV3 +/2
heterozygotes at diakinesis, four structures instead of five were observed in 80%
of meiocytes (n = 60). Three were bivalent (bv) and one was a tetravalent (tv)
containing four chromosomes (Fig. 5c, d). Tetravalent structures are typically
formed by cells heterozygous for a reciprocal translocation. In this configuration,
a single chromosome can recombine with more than one partner, leading to the
formation of multivalent forms whose structures depend on crossover positions.
Fig. 5
Imaging of chromosome spreads and fluorescence in situ hybridization (FISH) of
Arabidopsis meiocytes. Meiocytes from wild-type (a, b) and AtREV3 +/2 (c–h)
plants were isolated and chromosomes spread, stained and imaged as described
under Sect. "Materials and methods". Imaging of wild-type meiocytes at meiosisdiakinesis (a) and metaphase I (b). Imaging of AtREV3 +/2 meiocytes at meiosisdiakinesis (c, e) and metaphase I (d, f). bv Bivalent, tv tetravalent. g, h FISH of
meiocytes shown in e and f, respectively. For clarity in g and h, chromosomes I,
II,…V are indicated by the corresponding Arabic numerals 1, 2,…5. Chromosomes
I through V were identified by chromosome-specific FISH: no signal, chr. I;
strong green signal (25S rDNA), chr. II; red signals (5S rDNA and BACS F8J2
and T4P13), chr. III; adjacent red and green (5S and 25S rDNA), chr. IV; strong
red signal (5S rDNA) and faint green signal (BACS F7J8 and F2I11), chr. V. Note
that chromosomes I and V are always associated with the tetravalent (tv). Bar
10 μm
Could a translocation associated with the AtREV3-2 allele account for the nonMendelian distribution of genotypes among progeny of selfed AtPOLH +/1
AtREV3 +/2 double heterozygotes (Table 1 and Supplementary Table 1)? If the
translocation involved both chromosome I and chromosome V, then after
abnormal (multivalent) pairing at meiosis I, one mode of segregation would
eventually give rise only to inviable gametes (AtPOLH + AtREV3 + or AtPOLH-1
AtREV3-2). A different mode would entirely yield viable gametes (AtPOLH +
AtREV3-2 or AtPOLH-1 AtREV3 +); see Sect. "Discussion" and Fig. 7. Thus, both
double-mutant and double-wt gametes would mostly be lost, consistent with the
hypothetical “Expect 2” case (Table 1). To test this hypothesis, we identified the
chromosomes involved in the multivalent structures observed during meiosis of
AtREV3 +/2 heterozygotes. FISH was performed with a combination of probes
that allow the identification of the individual Arabidopsis chromosomes.
Tetravalents always involved chromosome I and V, while the other chromosomes
(II, III and IV) were always observed as bivalents (Fig. 5g, h). Thus, a
translocation involving chromosomes I and V appeared to be associated with

insertion of T-DNA at the AtREV3 locus, perhaps involving a second T-DNA
insertion in chromosome V.
Identification of the junctions of chromosome I DNA and V DNA with
inserted T-DNA
We analyzed the products of the hypothesized reciprocal translocation between
chromosomes I and V in a series of PCR experiments (Fig. 6). Primer Ra5′,
specific for Exon 13 of AtREV3, was used with a primer specific for the T-DNA
left-side (not shown) to amplify a product (p4) that encoded an AtREV3-TDNA
junction designated J4 (Fig. 6). The J4 junction sequence (Supplementary
Table 3) was consistent with the annotation by the Arabidopsis Information
Resource (TAIR) of the AtREV3-2 T-DNA insertion line, SALK_029237. Primer
Rb5′ was used with a series of TDNA-specific primers (not shown) to amplify
products that mapped the rightward extent of T-DNA from J4; the longest
product (p41) showed this to be at least 4.4 kbp, extending through the rightborder (RB) region that is typically transferred into plant DNA (Miranda et al.
1992) (and into a few bp likely to have come from the binary vector used for
transformation). Similarly, primer Ra3′ (also specific for AtREV3 Exon13) was
used with a TDNA (left-side)-specific primer (not shown) to amplify a PCR
product (p1) encoding a second AtREV3-LB junction, J1 (Supplementary Table 3).
Rb3′ (closer to J1) was used with a series of TDNA-specific primers to map TDNA at least 3.9 kbp left of J1 (Fig. 6, product p11).
Fig. 6
Structures of translocation-rearranged T-DNAs in Arabidopsis chromosomes I
and V. Upper structures, native chromosomes I (black shading) and V (darkergray shading), not drawn to scale. Centromeres (filled circles) and left and right
chromosome ends (telomeres; LETEL and RETEL) are oriented as in the TAIR
representations. The genes involved in the translocation, AtREV3 (Exon 13) and
putative AtPP2C(Intron 2) are indicated by black-outlined or darker-grayoutlined large arrows, respectively. Transcription of both genes is right (5′) to
left (3′) as shown, i.e., sense strands (3′–5′, CEN to RETEL direction) are on the
bottom. The position of AtPOLH relative to AtPP2C and the chromosome V
centromere is indicated.Lower structures. Inferred RETEL ends of translocation
chromosomes (TChr. I and TChr. V). Light-gray-shaded areas contain indicated
components of compound T-DNA insertions in both Chr. I and Chr. V, each
containing at least two T-DNA left sides which are inverted with respect to one
another in both cases. Thus, T-DNA left sides flank both sides of both insertion
structures. The presence of one corresponding right border (RB) has been
confirmed (see below). Whether others (RB?) are present as well has not been
determined. Reciprocal translocation is suggested to have occurred via
homologous recombination between the two compound T-DNA insertions (see

text). Horizontal arrows above top strands indicate four primers specific for
indicated regions of AtREV3 Exon13 (Ra5′ and Rb5′, Ra3′ andRb3′,
complementary to the indicated top and bottom strands, respectively) and one
specific for AtPP2C Intron 2 (P3′, complementary to the bottom strand). Vertical
arrows indicate junctions between AtREV3and left-end TDNA (J1, J4) and
between AtPP2C and left-end TDNA (J2, J3). The J4 sequence was determined
from a PCR product (p4) amplified using Ra5′, and a TDNA-specific primer (not
shown). The extension of TDNA from J1 through the RB terminus (4.4 kbp) was
determined using Rb5′ plus various other TDNA-specific primers (not shown) to
amplify a series of products, of which p41 was the longest. The J3 sequence was
determined from product p3, amplified using primer P3′ and one TDNA-specific
primer (not shown). The J2 sequence was obtained from one product (p2) of
“anchored PCR” using a TDNA-specific “anchored” primer (not shown); see text.
The J1 junction was determined from PCR product p1a, amplified using primer
Ra3′ and a TDNA-specific primer (not shown) and was confirmed by product p1b
from the same anchored-PCR experiment that identified J2. The extension of the
T-DNA at least as far as 3.9-kbp from J1 was demonstrated by PCR amplification
(product p11) using Rb3′ and a TDNA-specific primer (not shown)
To identify the chromosome V sequences that we expected to be adjacent to TDNA (left-end) sequences, we used “anchored PCR” (O’Malley et al. 2007). We
amplified and sub-cloned multiple PCR products using the same “anchored”
TDNA-specific primer (not shown) with adaptor primers associated with a
HindIII or an EcoRI restriction site, respectively, in adjacent DNA. A major 0.25kbp product included part of Intron 2 of gene At5g59220 in chromosome V
(Supplementary Table 3), putatively encoding a 2C-type protein phosphatase
(provisionally designated AtPP2C), and thus defining junction J2 (Fig. 6). A
minor 1.1 kbp product, not readily identifiable in the original analytical gel,
encoded AtREV3Exon13, thus confirming the sequence of junction J1.
(Interestingly, a prominent 0.3-kbp anchored-PCR product proved not to code
any relevant DNA. These results emphasize the importance, in analytical
anchored PCR, of subcloning and sequencing a substantial number of PCR
products, prominent or not). Finally, primer P3′, specific for AtPP2C Intron 2,
was used with a TDNA-specific primer (not shown) to amplify a product whose
sequence identified junction J3 (Supplementary Table 3). The Salk library does
not list the insertion in Intron 2 of gene At5g59220 for line SALK_029237, nor
do insertions assigned to At5g59220 include the Intron-2 insertion discovered
here. Thus, this library most likely contains a great many undiscovered insertion
mutations.
We do not know whether the T-DNA insertion in Intron 2 of the putative AtPP2C
disrupts its function or not. If it does, this function would seem not to be essential,
because AtREV3 2/2 mutants, presumably homozygous for the AtPP2C::TDNA
insertion as well, showed normal growth, development and fertility. In principle,

the AtPP2C::TDNA mutation might somehow contribute to the UV sensitivity of
AtREV3 2/2 mutants (Curtis and Hays 2007). However, Arabidopsis plants
homozygous for AtREV3-3, a different TDNA-insertion mutation, were shown to
be similarly UV-sensitive by Sakamoto et al. (2003). Our observation (data not
shown) of normal seed set (similar to wt) by AtREV3 +/3 heterozygotes, unlike
AtREV3 +/2 heterozygotes (Table 3), suggests that AtREV3-3 does not involve a
translocation.
The evidence for four junctions of T-DNA left ends with Arabidopsis DNA—5′
and 3′ portions of both the AtREV3 and AtPP2C genes—is consistent with an
hypothesis of independent compound insertions of T-DNA into these genes. Both
insertions are bounded by left-end T-DNA regions inverted with respect to one
another (Fig. 6). Our models to explain the genetic analyses (Figs. 7, 8), and the
imaging of chromosomal spreads (Fig. 5), are strongly consistent with reciprocal
break-and-join events between these two compound T-DNA insertions, likely
homologous-recombination cross-overs, that produced the translocations that we
suggest in Fig. 6 (lower two structures).
Fig. 7
Inferred pathway for translocation-perturbed selfing of F1 plants doubly
heterozygous for TDNA-insertion mutations. Top box encloses chromosome I
and V structures in selfing F1 AtPOLH +/1 AtREV3 +/2 plants and shows the
relative locations of the AtPOLH and AtREV3 loci on the Arabidopsis genetic
map; cMcentimorgans. Pairing at meiosis I results in a tetravalent (cruciform)
structure. Two modes of segregation are possible. Horizontal segregation
(adjacent segregation) would yield 2 × 2n bivalents (left) which meiosis II and
cytokinesis convert into two sets of two each (+,+) and (1,2) sub-haploid
gametophytes, lacking part of chromosome V but partially duplicated for
chromosome I or lacking part of chromosome I but partially duplicated for
chromosome V, respectively. Diagonal segregation (alternate segregation) would
yield 2 × 2n bivalents which give rise to (1,+) and (+2) gametophytes
Fig. 8
Models to explain Mendelian distribution of progeny of selfed F2 AtPOLH 1/1
AtREV3 +/2 plants. aOutcome of meiotic recombination in selfing F1 AtPOLH +/1
AtREV3 +/2 plants. If a cross-over occurred in the region between the AtPOLH
locus and the translocation breakpoint, then two recombinant chromosomes (X)
would arise: the AtPOLH + allele now on a normal chromosome V and the
AtPOLH-1allele now linked to the translocation chromosome V. Diagonal
segregation (left) would give rise eventually to four euploid gametes of two types,
wt (+,+) or double mutant (1 2). Horizontal segregation (right) would give rise to
sub-haploid gametophytes that do not mature into gametes. b Alternative
outcomes in selfing of F2 AtPOLH 1/1 AtREV3 +/2 plants, themselves the result of

recombination or lethality escape during F1 selfing. F1 recombination would yield
F2 AtPOLH 1/1 AtREV3 +/2 parents derived by the F1 unions of (1,+) gametes with
rare recombinant (1,2) gametes. Pairing at meiosis I would yield tetravalents and
diagonal segregation eventually would give rise to equal numbers of viable,
euploid (1,+) and (1 2) gametes. In contrast, the F2 AtPOLH 1/1 AtREV3 +/2 parent
might be derived by F1 unions of (1,+) gametes with occasional sub-haploid (1,2)
gametes that had escaped lethality. Pairing at meiosis I would yield only bivalents.
Their independent assortment would mostly give rise to mostly viable euploid
(+,1) gametes, plus perhaps a few (1,2) gametes that again escaped lethality
However, no data presented here directly confirm this model. The model predicts
that PCR primers that flank T-DNA insertions, encoding CEN-side AtREV3 DNA
and RETEL-side AtPP2C DNA (for example, p1a and p2 sequences in Fig. 6) or
CEN-side AtPP2C and RETEL-side AtREV3 DNA (for example, p3 and p4
sequences in Fig. 6) should generate large PCR products, containing the inserts.
Unfortunately however, one or both insertions appear to include at least one copy
of the entire binary vector, which appears to be a far from rare event (Kononov et
al. 1997). As noted above, PCR product p41 (Fig. 6), extended through AtREV3-2
DNA and beyond the RB region into binary-vector sequence. Furthermore, two
pairs of PCR primers, encoding binary-vector on each side of the T-DNA,
generated robust PCR products when templated by AtREV3-2 DNA (data not
shown). Inserts containing most or all of binary vectors are clearly much too long
to be amplified. We also tried to identify a single large restriction fragment in
blots of AtREV3-2 DNA that (within the resolution afforded be gel
electrophoresis) would simultaneously hybridize to probes encoding expected
adjacent AtREV3 and AtPP2C DNA. However, we could not interpret the blots in
any simple way that unequivocally supported (or falsified) the model shown in
Fig. 6, consistent with previous reports of “multiple complex patterns of
integration” (Kononov et al. 1997).

Discussion

The work described here was motivated by outcomes of crosses between two
mutant Arabidopsis lines, homozygous for T-DNA insertions that inactivated the
AtPOLH and AtREV3 loci, situated on chromosomes V and I, respectively. Selfing
of the F1 AtPOLH +/1 AtREV3 +/2 heterozygotes yielded very few +/++/+ or 1/1
2/2 doubly homozygous F2 progeny—0.42 and 0.25%. Four other F2 genotypes
were also underrepresented and three were overrepresented (Table 1,
Supplementary Table 1). The entire F2 progeny distribution could be
quantitatively explained by the single assumption that selfing of double
heterozygotes yielded few double-mutant (1,2) or doubly wt (+,+) gametes—each
comprising only 6% instead of 25% of the male and female gamete pools.
Nevertheless, the normal fertility of (1/1 2/2) homozygotes showed that gametes
lacking the AtPOLH and AtREV3 gene products (AtPolη and AtPolζ, respectively)

are not intrinsically inviable. The properties of single AtREV3 +/2 heterozygotes—
50% reduction in seed set (Table 3), but equal transmission of AtREV3 + and
AtREV3-2 alleles (Table 4)—are consistent with the hypothesis that T-DNA
insertion at the AtREV3 locus engendered a reciprocal translocation (Patterson
1978). Quantitative light-microscopy of both male and female gametogenesis
during selfing of AtREV3 +/2 heterozygotes showed 40–50% of both pollen and
ovules to abort or arrest, respectively, after meiosis and fail to enter gametophyte
mitosis (Figs. 3, 4). This finding, consistent with the translocation hypothesis,
suggested that meiotic segregation produced 50% “sub-haploid” gametophytes,
inviable for reasons that have nothing to do with lack of AtREV3 (AtPolζ) activity
in the mutant pollen. We define “sub-haploid” gametophytes to lack even one
complete copy of some extended block of linked genes.
The markedly non-Mendelian distribution of progeny from selfed AtPOLH +/1
AtREV3 +/2 double heterozygotes suggested that the putative reciprocal
translocation involved the AtREV3 locus on chromosome I and some site on
chromosome V. In fact, the expected cruciform (tetravalent) intermediates were
directly observed in chromosome spreads of pollen meiocytes, and FISH showed
these to indeed contain I–V translocations (Fig. 5).
Figure 7 suggests how one mode of chromosome segregation (“horizontal”;
adjacent segregation) after meiosis I in selfed AtPOLH +/1 AtREV3 +/2 double
heterozygotes might generate “sub-haploid” gametes, lacking one end of
chromosome I or chromosome V. The other segregation mode (“diagonal”;
alternate segregation) would generate fully haploid and thus functional gametes,
although half of these would contain the translocation chromosomes (Patterson
1978). In Fig. 7, the AtPOLH locus is assumed to lie on the non-translocated
portion of chromosome V. If the AtPOLH locus were instead on the translocated
portion of chromosome V, “horizontal” segregation would again generate subhaploid +,+ and 1,2gametes and “diagonal” segregation would again yield fully
haploid +,2 and 1, + gametes.
Chromosomal rearrangements are relatively frequent in Arabidopsis transformed
by Agrobacterium-mediated T-DNA transformation. Castle et al. (1993) observed
rearrangements in 7 out of 41 TDNA-tagged mutants. Forsbach et al. (2003)
observed translocations in only 2.6% of 112 single-copy T-DNA lines, but
chromosomal rearrangements were more frequent in plant lines with more than
one T-DNA insertion. Nacry et al. (1998) characterized a reciprocal translocation
involving chromosome II and III. In this case there were two independently
assorting T-DNA insertions, one T-DNA associated with each breakpoint. On
chromosome II, there was also a > 40 kbp inversion associated with T-DNA. Two
unilateral translocations were characterized by Tax and Vernon (2001). Each
translocation involved only one T-DNA insertion. One involved translocation and
duplication of > 40 kbp of chromosome V onto chromosome I. The second
translocation involved chromosome V and IV. Lafleuriel et al. (2004) described a
reciprocal translocation involving chromosome I and II. These reports focused on

molecular characterization of the rearrangements and mechanism of T-DNA
integration, but none addressed the stage or stages at which unbalanced gametes
become inviable, nor considered the likely effects on progeny distributions
involving markers on each of the reciprocally translocated chromosomes.
Ray et al. (1997) did analyze gametogenesis in Arabidopsis plants heterozygous
for a reciprocal II–V translocation. Approximately 32% of pollen aborted, and
female gametophytes arrested at the mononucleate stage (40%) or the binucleate
stage (10%), or reached full maturity (50%). Here, we found approximately 50%
of female gametophytes generated by AtREV3 +/2 heterozygotes to arrest at the
mononucleate stage; the remainder reached maturity. Likewise, approximately
40% of male gametophytes aborted after meiosis but prior to their first mitosis,
while the remainder reached maturity. Thus, although half the expected subhaploid gametophytes would lack part of chromosome I and the other half lack
part of chromosome V, they all arrested (ovules) or aborted (pollen) shortly after
meiosis.
What genes might be lacking in our inferred sub-haploid gametophytes? Of over
100 mutants identified in screens for Arabidopsis deficient in female
gametogenesis, twenty show arrest after meiosis at the mononucleate stage
(Drews and Yadegari 2002). Pagnussat et al. (2005) identified 42 mutants
defective in female gametogenesis. Of these, only one mutant (mutation on
chromosome IV) arrested at the mononucleate stage. In contrast, Christensen et
al. (2002) found 13 of 39 gametophytic mutants to arrest at the female
mononucleate stage. Six of these 13 mutants showed roughly similar effects on
male and female gametogenesis. Where were the mutations located? Fem-3 is on
chromosome I, but not in the region that is deficient or duplicated by the
reciprocal translocation in our study. Ata-4 is on chromosome III. The
chromosomal locations of four of these mutants, fem-12,35,37 and gfa5 are not
known. Of the remainder of the 20 mutants showing arrest at the female
mononucleate stage, the gf mutant isolated by Redei (1965) is on chromosome II,
and the remaining five mutants show embryo sac degeneration. In our studies,
the putative sub-haploid gametophytes lack either chromosome I or chromosome
V genes, but both types arrested at the mononucleate stage without embryo sac
degeneration. Thus, one of the four genes (FEM-12,35,37 or GFA5) for which the
chromosomal locations are not known may be located in the chromosome I
region that is missing in half the sub-haploid gametophytes. A second such gene
located in the chromosome V region might be missing from the other half, or
other genes not yet identified by mutation might be missing.
Alternatively, we speculate that a general post-meiotic checkpoint might be
sensitive to the presence of chromosome deletions or duplications, thus ensuring
elimination of aberrant gametes from pre-fertilization pools. (Gametes subhaploid for one chromosome would be “supra-haploid” for another, Fig. 7). A
study by Henry et al. (2007) does suggest a possible genetic modifier of aneuploid

survival, the Sensitive to Dosage Imbalance (SDI) locus. However, it is not known
at what stage of haploid or diploid development SDI affects aneuploid survival.
Whatever the mechanism, the genotype-specific gametophyte lethality seen here
was not total. The skewed distribution of genotypes among F2 progeny of selfed
double heterozygotes could be explained quantitatively by assuming that roughly
1/7 of putative sub-haploid (1,2) and (+,+) gametophytes escaped lethality.
Alternatively, if meiotic recombination rearranged 2/7 of the tetravalent
cruciforms, as suggested at the top of Fig. 8a, then “diagonal” segregation would
yield 1/7 of the time euploid (+,+) and (1,2) gametophytes, each containing one
recombinant chromosome (X). This would account for the F2 progeny
distribution.
We previously observed normal Mendelian distribution of the F3 progeny of
selfed F2 AtPOLH 1/1 AtREV3+/2 and AtPOLH +/1 AtREV3 2/2 plants (Curtis and
Hays 2007). This appears more consistent with the suggested meiotic crossovers
during the selfing of F1 double-heterozygotes (Fig. 8a) than partial escape of subhaploid gametophytes from lethality, as follows. The 1/1 +/2 and +/1 2/2 F2
plants, which were themselves underrepresented (relative to Mendelian
expectations), would not have been present at all if some (1,2) gametophytes had
not matured. If the (1/1 +/2) F2 plants, for example, resulted from F1
recombination (X), as shown in the upper left corner of Fig. 8b, then meiosis I
tetravalents would again form during F2 selfing. These would yield 1/2 euploid
gametophytes and 1/2 sub-haploid gametophytes, depending on the mode of
segregation during meiosis I (Fig. 8b, lower left corner). Of the euploid
gametophytes, 50% would be (1, +) and 50% would be (1,2); selfing would yield
the observed Mendelian F3 progeny distribution (25% (1/1 2/2)). As also
predicted, the total seed sets of selfed F2 AtPOLH 1/1 AtREV3 +/2 plants were 50%
of normal (data not shown). However, if the (1/1 +/2) F2 plants resulted from
lethality escape during the F1 selfing, and were thus themselves aneuploid
(Fig. 8b, upper right corner), then one normal and one abnormal bivalent would
form during meiosis I. Gametophyte maturation would produce mostly (1, +)
euploid gametophytes, plus perhaps a few (1,2) sub-haploid gametophytes that
again escaped lethality (Fig. 8b, lower right corner). Most F3 progeny would
therefore be (1/1 +/+), contrary to observation (Curtis and Hays 2007).

Conclusion

Most constructions of Arabidopsis double or triple mutants begin with one or
more TDNA-insertion mutations. However, TDNA-induced chromosomal
rearrangements, which are relatively frequent [up to 17% of T-DNA lines; Castle
et al. (1993)], may interfere with these constructions. If non-Mendelian
segregation is observed among F2 progeny from selfed F1 plants doubly
heterozygous for two TDNA-insertion mutations, we suggest immediate checking
of the single-insertion heterozygotes for reduced seed set—an indicator of the
presence of a translocation (Patterson 1978). Where several TDNA-insertion

mutations for a single locus are available, it might be advantageous to compare
their seed sets at the beginning. If the entire non-Mendelian F2 progeny
distribution can be quantitatively accounted for simply by assuming loss of
double-mutant and double-wild type gametes, then a reciprocal translocation
involving the two chromosomes harboring the respective T-DNA insertions
would seem likely. Under these circumstances, the double mutant may
nevertheless be efficiently isolated by selfing the appropriate F2 (−/− +/−) plant.
Our observations suggest that this F2 parent would be derived from the union of
a non-recombinant gamete with a recombinant gamete (Fig. 8b, F1-recombinant
progeny), and that all of its F3 progeny would be genetically balanced.
Multiple T-DNA insertions are likely to be quite frequent in Arabidopsis TDNAinsertion libraries (Humann et al. 2006; Jorgensen et al. 1986; Lee et al. 2003;
Viss et al. 2003). Insertions of inverted T-DNA repeats are common (Jorgensen
et al. 1986) and two or more of these will provide extended regions for
homologous recombination regardless of the respective directions of insertion
into plant DNA. These may often be the source of reciprocal translocations, which
could presumably occur at anytime during continued propagation of a particular
line. Thus, multiple T-DNA insertions should be segregated away from one
another. If it is necessary to use multiple-insertion lines in experiments,
investigators should be alert to the possibility that de novo translocations are
possible. It seems particularly important to segregate additional insertion loci
away from TDNA-insertion mutations used to construct multiply marked lines.
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