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A Mite Species That Consists 

Entirely of Haploid Females 


Andrew R. Weeks,'* Frantisek Marec.' Johannes A. J. Breeuwerl 

The dominance of the diploid state in higher organisms, with haploidy generally 
confined to the gametic phase, has led to the perception that diploidy is favored 
by selection. This view is  highlighted by the fact that no known female organism 
within the Metazoa exists exclusively (or even for a prolonged period) in a 
haploid state. We used fluorescence microscopy and variation at nine micro- 
satellite loci to show that the false spider mite, Brevipalpus phoenicis, consists 
of haploid female parthenogens. We show that this reproductive anomaly i s  
caused by infection by an undescribed endosymbiotic bacterium, which results 
in feminization of haploid genetic males. 

It is commonly thought that no female organ- 
ism within the Metazoa exists exclusively in 
a haploid state, because selection favors dip- 
loidy in higher organisms (1, 2). There are 
several theories about the evolution of dip- 
loidy as the dominant state, and deleterious 
mutations (germline andlor somatic) are con- 
sidered to be the driving force (3, 4). Yet 
experimental evidence is lacking, and cur-
rently no studies on life cycle evolution have 
been conducted in a higher organism. 

Brevipalpus phoenicis Geijskes (Acari: 
Tenuipalpidae) is a minute phytophagous 
mite found throughout tropical and subtropi- 
cal regions. It is polyphagous and is a major 
pest of many economically important crops 
such as citrus, coffee, tea, papaya, passion 
fruit, and palms (5). In citrus, it acts as a 
vector for citrus leprosis virus (Rhabdoviri- 
dae), a disease that causes millions of dollars 
of damage to the Brazilian citrus industry 
each year (6). Brevipalpus phoenicis, along 
with two closely related species, B. obovatus 
and B. calijornicus, is known to reproduce by 
thelytokous (obligate) parthenogenesis (7).  
Rare males are found in field populations; 
however, their function is not known (8).The 
closest sexual relative, B. russulus, is haplo- 
diploid, in which unfertilized eggs develop 
into haploid males (two chromosomes) 
whereas fertilized eggs develop into diploid 
females (four chromosomes) (9). Haplo-dip- 
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loidy is characteristic of their superfamily, 
the Tetranychoidea. All three parthenogenet- 
ic species have only two chromosomes in 
somatic cells (Fig. 1A) (10); however, owing 
to the small size of these chromosomes and 
their apparent lack of any distinguishable 
morphological character, it is not known 
whether this represents the haploid or diploid 
state. 

Although it has been proposed that B. 
obovatus is a haploid parthenogen (7, 9), 
convincing cytological evidence has been 
lacking (11, 12). Cytological techniques us- 
ing fluorescence microscopy provide an ac- 
curate way to determine whether these three 
species are haploid or diploid parthenogens. 
We used two such techniques, as well as 
genetic variation at nine microsatellite loci, to 
show that B. phoenicis is indeed a haploid 
female parthenogen. 

Brevipalpus phoenicis females collected 
from a coffee plantation at the University of 
Sao Paulo, Piracicaba, Sao Paulo, Brazil, 
were used to initiate five isofemale lines 
(lines started with a single immature female) 
from which eggs were used for the following 
experiments. Using a fluorescent dye 
(YOYO-1, Molecular Probes) that stains both 
DNA and RNA, we visualized the nuclear 
organizing region (NOR), which is present 
during early prophase in mitotic divisions in 
eggs of B. phoenicis (13, 14). Homologous 
pairs of chromosomes will have a NOR or 
NORSat exactly the same position. We found 

One be present during prophase
mitotic divisions in 2-day-old eggs (Fig. 1, B 
and C) from B. uhoenicis. The NOR was 
found at the tip oione c~omosome,  with no 
corresponding NOR being present on the sec- 
ond c~omosome,  

the finding of a 
NOR, we also used fluorescent in situ 
ization (FISH) to locate the ribosomal DNA 
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(rDNA) region(s) within metaphase chromo- 
somes. Based on the finding of a single NOR, 
only one region of rDNA should be present. 
A probe was made from the small subunit 
18s rDNA of B. phoenicis (15). The same 
FISH procedure was followed as that outlined 
in (16), with a slight modification (1 7). The 
18s rDNA probe from B. phoenicis hybridiz- 
es at the tip of both sister chromatids of one 
chromosome, in a metaphase mitotic division 
(Fig. 1, D and E). No hybridization occurred 
on the second chromosome. This concurs 
with the single NOR found with YOYO-1 
(Fig. 1, B and C). 

We also screened 45 clonal lines of B. 
phoenicis collected from Sao Paulo and 
Minas Gerais, Brazil, for variation at seven 
polymorphic microsatellite loci (18) and 
screened two of these clonal lines at two 
additional loci (Table 1). Ten individuals 
per clonal line were genotyped, with no 
differences found within a clonal line. No 
heterozygous individuals (in a total of 450 
individuals), at any locus, were found. 
These data, along with the finding of a 
single NOR and only one rDNA region, 
clearly show B. phoenicis to be a haploid 
female parthenogen. 

During the above cytological examina- 
tion of mitotic chromosomes in eggs, we 
found large numbers of an endosymbiotic 
bacterium (Fig. 2) and attempted to discov- 
er whether it was involved in female hap- 
loid parthenogenesis. 

We amplified and sequenced 1487 base 
pairs (bp) of the bacterial 16s rDNA from the 
isofemale lines used in the cytological exper- 
iments using general eubacterial primers 
(19). Only one bacterial 16s rDNA sequence 
was found. When compared with all known 
bacterial 16s rDNA sequences in GenBank, 
this bacterium's closest relative was an unde- 
scribed endosymbiotic bacterium found in the 
tick Zxodes scapularis (20) (98% sequence 
homology), belonging to the phylum Cyto- 
phaga-Flavobacterium-Bacteroides. To test 
whether this bacterium is involved in causing 
parthenogenesis, we treated young adult fe- 
males from one isofemale line of B. phoenicis 
with the antibiotic tetracycline hydrochloride 
(21). After 3 days of tetracycline treatment, 
females were allowed to lay eggs for 10 days. 
The resulting progeny were then scored at the 
adult stage for sex (Table 2). Young adult 
females from the same isofemale line were 
also allowed to lay eggs for 10 days without 
tetracvcline treatment to act as a control. 
Significantly more males were produced after 
tetracycline treatment [one-way analysis of 
variance (ANOVA) after arcsine transforma- 
tion, F,,,, = 18.69, P < 0.0011, with 51% of 
the progeny being male. This is expected 
under haplo-diploidy (which is likely to be 
the ancestral state in B. phoenicis), because 
the females are unfertilized, and curing of a 
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bacterial infection that causes parthenogene- cline curing of adults is not 100% effective. 
sis will result in haploid males. The females More males were produced in the control 
that were produced would still be expected to treatment (-5%) than expected (lo), and this 
carry the bacterial infection, because tetracy- may be due to the temperature at which the 

Fig. 1. Chromosomes of 
B. pboenicis obtained 
from 2-day-old eggs 
and viewed under a flu- 
orescence microscope. 
(A) Metaphase chromo- 
somes stained with 
YOYO-1, showing the 
presence of two chro- 
mosomes in a mitotic 
division. (0 and C) 
Prophase chromosomes 
stained with YOYO-1. 
Arrows indicate a sin- 
Pie NOR (D and E) 
FISH experiments. DAP~ 
counterstained meta- 
phase chromosomes are 
shown after hybridiza- 
tion to the biotinylated 
185 rDNA probe detect- 
ed with Cy3-conjugat- 
ed streptavidin (Jack- 
son lmmuno~esearch 
Labs, West Grove, 
Pennsylvania). Arrows 
indicate the h bridiza- 
tion signal &d) on 
each sister chromatid. 
There is no corre- 
sponding hybridiza- 
tion signal on the second chromosome. Scale bar in (A) indicates 2 p m  in (A) through (E). 

Fig. 2. Bacteria stained 
with YOYO-1 from a 
single 2-day-old egg of 
B. phoenicis viewed un- 
der a fluorescence mi- 
croscope. Scale bar, 5 
CLm. 
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experiment took place (30°C). In some par- Wolbachia. The endosymbiotic bacterium 
thenogenetic Trichogramma species infected Wolbachia has been known to induce a num- 
with the endosymbiotic bacterium Wolbachia ber of reproductive phenotypes, including cy- 
(which causes the parthenogenesis), rearing toplasmic incompatibility, parthenogenesis, 
at high temperatures (>28"C) can kill the feminization, and male-killing in various ar- 
bacteria, resulting in significantly greater thropod species (22) and has been implicated 
male production (22). in sex determination (26) and speciation 

Using polymerase chain reaction (PCR) (27). We have found another bacterium, un- 
primers specific for the bacterium (23), all related to Wolbachia, that causes feminiza- 
females tested, regardless of the treatment (50 tion. Recently, a similar bacterium (with 96% 
from controls and 80 from tetracycline treat- sequence homology for 16s rDNA) has been 
ment) were infected with the bacterium, found to be associated with parthenogenesis 
whereas all males tested (17 from controls in several species of parasitic wasps (28). 
and 72 from tetracycline treatment) were not This suggests that we should not be looking 
infected. specifically for Wolbachia to explain repro- 

Our results show that females are havloid ductive abnormalities, as some have done 
and that the female haploid parthenogenesis previously (29-32). 
is caused by an endosymbiotic bacterial in- There remains a possibility that B. phoe-
fection, which results in feminization of ge- nicis is diploid and that one NOR (and cor- 
netic males. Once cured of the infection, an responding rDNA) has been lost, as has been 
adult haploid female will lay haploid male found with some thelytokous aphid species 
offspring. How the bacterium induces femi- (33). However, the evidence does not support 
nization of genetic males is not known. This this. First, the only known cytogenetic mech- 
is the first time feminization by an extrachro- anisms of parthenogenesis that could result in 
mosomal factor has been found outside of complete homozygosity at all microsatellite 
heterogametic reproductive systems. In the loci studied is gamete duplication or terminal 
isopod Armadillidium vulgare, the bacterium fusion (with no crossing over) (34). A single 
Wolbachia also induces feminization (24) by NOR from a homologous pair cannot be lost 
blocking the formation of the androgenic through gamete duplication or terminal fu-
gland, which produces the androgenic hor- sion, because loss would in the subsequent 
mone responsible for male differentiation generation result in either no NOR at all 
(25). A similar mechanism may occur here, (which presumably would be lethal) or the 
resulting in haploid females instead of hap- homologous pair would be restored (34). 
loid males. Second, if curing of the bacterium results in 

The data presented here illustrate that male progeny, then males must be haploid 
feminization can involve bacteria other than with n = 1. Yet the number of chromosomes 

Table 1. Characteristics o f  nine polymorphic microsatell ite loci (for n = 45 clonal lines, except loci Brev08 
and 09, where n = 2 clonal lines) i n  6.phoenicis collected f rom t w o  different host plant species (citrus 
and coffee) i n  Sao Paulo, Brazil. Ten individuals were assayed per clonal line, w i t h  no  differences being 
found wi th in  a clonal l ine for  each locus. N o  heterozygous loci were found i n  a t o ta l  o f  450 individuals. 
Microsatell ites and their  flanking sequences can be found i n  CenBank under accession numbers AF335574 
through AF335582. 
-- 

Locus 
Repeat 
array 

n 
No. o f  
alleles 

Frequency o f  
common allele 

Frequency o f  
heterozygotes 

BrevOl 
BrevOZ 
Brev03 
Brev04 
Brev05 
Brev06 
Brev07 
Brev08 
Brev09 

Table 2. Sex rat io produced b y  5. phoenicis females treated w i t h  0.2% tetracycline hydrochloride for  72 
hours and lef t  t o  lay eggs for  1 0  days. 

Treatment NO. o f  females No. o f  Total  no. o f  Total  no. Proportion o f  
per replicate replicates female progeny o f  male progeny male progeny 

Ant ibiot ic 5 13 8 6  8 8  0.506* 
Control  5 1 0  288 1 7  0.056 

*P < 0.001 (one-way ANOVA after arcsine transformation). 

in male sperm and developing embryos is two 
(8, 9). 

Finally, because B. phoenicis appears to 
live entirely in a haploid state, there is a 
unique opportunity to study life cycle evo- 
lution and the advantages and disadvantag- 
es associated with haploidy in a higher 
organism, where diploidy dominates. Typ- 
ically, these questions have been studied in 
bacteria, fungi, moss, algae, and ferns (1) 
where life cycles and ploidy levels are not 
always dominated by a diploid phase, and 
therefore their relevance may be ques-
tioned. If d i ~ l o i d  sexual females of B. 
phoenicis exist or can be generated, or if 
generation of haploid female B. russulus is 
possible through the B. phoenicis bacteri-
um, it may be possible to gain the first 
empirical data on the relative importance of 
somatic and germline deleterious mutations 
for the maintenance of diploidy in animals. 
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Gene Families from the 

Arabidopsis thaliana Pollen Coat 


Proteome 

Jacob A. Mayfield,' Aretha Fiebig,' Sarah E. Johnstone,' 

Daphne Preu~s'.~* 

The pollen extracellular matrix contains proteins mediating species specificity 
and components needed for efficient pollination. We identified all proteins >I0 
kilodaltons in  the Arabidopsis pollen coating and showed that most o f  the 
corresponding genes reside i n  t w o  genomic clusters. One cluster encodes six 
lipases, whereas the other contains six lipid-binding oleosin genes, including 
GRP77, a gene that promotes efficient pollination. Individual oleosins exhibit 
extensive divergence between ecotypes, but the entire cluster remains intact. 
Analysis of the syntenic region in  Brassica oleracea revealed even greater 
divergence, but a similar clustering of the genes. Such allelic flexibility may 
promote speciation i n  plants. 

Because self-recognition systems must adapt 
to the evolution of target molecules, they 
include some of the most rapidly changing 
proteins known. Unusual levels of genetic 
divergence are seen in mate recognition in 

algae, abalone, and (1-4);  
immune responses in animals (5); and patho- 
gen defense in plants (6).Rapid divergence 
of molecules controlling mate recognition in 
flowering plants is essential, considering di- 
versification of most angiosperms occurred 
only 90 to 130 million years ago. Here, we 
describe the protein components of the A. 
thaliana pollen coat and show they display 
remarkable variability. 

The complex extracellular pollen coating 
of many flowering plants uses proteins and 
lipids to interact selectively with receptive 
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female stigma cells (7-10). This coating fa- 
cilitates communication in plants with dry 
stigmas, providing a function similar to the 
lipid-rich exudate on the surface of wet stig- 
mas (8).Identification and characterization of 
the most abundant Arabidopsis pollen coat 

d c GenBank ID Protein 

CAB87942.1 GRP17 

AY028614 EXL6 

AY028612 EXL4 
BAB01369 Kinase 

CAB45833.1 Kinase 
AAF87020.1 EF-hand 

CAB87940.1 GRP14 

CAB87944.1 GRP19 

Fig. 1. Purified pollen coat proteins and their 
identity. Coomassie stained SDS-PACE with 
corresponding GenBank ID. Asterisk, EXL6 pro-
tein; d, dilute protein sample; c, concentrated 
protein sample. 
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