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Abstract Unlike parasitic plants, which are linked to
their hosts directly through haustoria, mycoheterotrophic
(MHT) plants derive all or part of their water and nutrients
from autothrophs via fungal mycorrhizal intermediaries.
Ericaceae, the heather family, are a large and diverse group
of plants known to form elaborate symbiotic relationships
with mycorrhizal fungi. Using PHYA sequence data, we
first investigated relationships among mycoheterotrophic
Ericaceae and their close autotrophic relatives. Phyloge-
netic results suggest a minimum of two independent origins
of MHT within this family. Additionally, a comparative
investigation of plastid genomes (plastomes) grounded
within this phylogenetic framework was conducted using a
slot-blot Southern hybridization approach. This survey
encompassed numerous lineages of Ericaceae with differ-
ent life histories and trophic levels, including multiple
representatives from mixotrophic Pyroleae and fully het-
erotrophic Monotropeae and Pterosporeae. Fifty-four
probes derived from all categories of protein coding genes
typically found within the plastomes of flowering plants
were used. Our results indicate that the holo-mycohetero-
trophic Ericaceae exhibit extensive loss of genes relating to
photosynthetic function and expression of the plastome but
retain genes with possible functions outside photosynthe-
sis. Mixotrophic taxa tend to retain most genes relating to
photosynthetic functions but are varied regarding the
plastid ndh gene content. This investigation extends
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previous inferences that the loss of the NDH complex
occurs prior to becoming holo-heterotrophic and it shows
that the pattern of gene losses among mycoheterotrophic
Ericaceae is similar to that of haustorial parasites. Addi-
tionally, we identify the most desirable candidate species
for entire plastome sequencing.

Keywords Mycoheteotrophs - Ericaceae -
Plastid genome - Southern hybridization - Phylogeny -
PHYA

Introduction

Heterotrophic plants are usually divided into two mor-
phologically distinct groups: parasitic and mycohetero-
trophic (MHT) plants. While parasites establish direct
haustorial connection with the host plant tissue, mycohet-
erotrophs use a third-party intermediary, mycorrhizal fungi
and their symbiotic network, to link to their ultimate host.
Some of these plants rely only partially on hosts and retain
relatively unaffected ability to photosynthesize, following
the so-called mixotrophic nutritional strategy. On the other
end of the spectrum, holo-heterotrophs acquire all of their
water, fixed carbon, and other nutrients from autotrophs.
Consequences of these more dramatic trophic shifts can be
seen from both morphological and molecular points of
view. Namely, full heterotrophy is associated with extreme
reduction and/or modification of vegetative structures as
well as rampant morphological convergence, thus render-
ing an assessment of homology with their photosynthetic
relatives quite difficult (Kuijt 1969). At the molecular
level, estimating a species tree is difficult due to spurious
long branch attraction caused by the highly divergent DNA
sequences of heterotrophs (Nickrent et al. 1998; Barkman
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et al. 2007; Lemaire et al. 2010). For these reasons, precise
phylogenetic relationships of heterotrophic plants to their
respective autotrophic relatives have been notoriously dif-
ficult to ascertain (reviewed in Stefanovi¢ and Olmstead
2004). Nevertheless, broad-scale molecular investigations
within flowering plants have shown that haustorial para-
sitism has evolved at least 12 times independently (Nick-
rent 2002; Nickrent et al. 2004; Barkman et al. 2007; Davis
et al. 2007) and there are at least 10 independent origins of
MHT (Bidartondo 2005; Merckx and Freudenstein 2010).
Each of those lineages of heterotrophs could be seen as an
independent natural genetic experiment whose plastid
genes have evolved under relaxed functional constraints
and therefore, each represents a unique opportunity to
dissect plastid genome function and evolution.

The typical plastid genome (plastome) of flowering
plants is highly conserved in size (~130-165 kbp),
structure, gene content (~ 113 protein coding genes), and
synteny (Palmer 1990; Palmer and Delwiche 1998; Ravi
et al. 2008). It is generally composed of four functional
classes of genes (Ravi et al. 2008), including: (1) genes
coding for the photosynthetic apparatus (e.g., psa, psb, atp,
pet, rbcL, ndh), (2) the housekeeping genes (e.g., rpo, 1ps,
rpl), (3) genes with other functions (e.g., accD, clpP,
matK), and 4) open reading frames (ORFs) with unknown
function (i.e., ycf genes). Owing to relaxation of strong
functional constraints normally associated with such a vital
function as photosynthesis, the plastid genomes of hetero-
trophs exhibit a wide range of evolutionary degradation.
The majority of currently available data comes from
haustorial parasites. Some of their plastomes, primarily
among hemiparasites, are impacted relatively little. Two
species of Cuscuta subg. Monogyna (Convolvulaceae),
Cuscuta reflexa and Cuscuta exaltata, have retained much
of their plastid genomes (~ 121-125 kbp), and losses are
restricted primarily to the chlororespiratory (ndh) genes
and non-coding regions, such as intergenic spacers and
introns (Funk et al. 2007; McNeal et al. 2007a). Others,
especially among holoparasites, experienced further
reductions. For example, Cuscuta obtusiflora and Cuscuta
campestris, two closely related species from “clade B” of
Cuscuta subg. Grammica (Stefanovi¢ et al. 2007), have
substantially reduced plastomes (~85-87 kbp) but still
maintain many genes required for photosynthesis (Funk
et al. 2007; McNeal et al. 2007a). Plastomes of Epifagus
virginiana (Orobanchaceae) are even smaller (~ 70 kbp)
and many genes once involved in photosynthesis are either
pseudogenes or are entirely lost from the plastome. Finally,
there are putative cases of haustorial parasites for which the
very existence of plastomes is questionable. Plastid DNA
(ptDNA) could not be detected by Southern hybridization
in some non-asterid holoparasites, such as Corynaea
(Balanophoraceae) and Hydnora (Hydnoraceae; Nickrent
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et al. 1997) as well as in a large clade of predominantly
South American species of Cuscuta subgenus Grammica
(“clade O”; Stefanovi¢ et al. 2007). To date, there are only
two MHT plant plastomes entirely sequenced: Aneura
mirabilis, a liverwort (Wickett et al. 2008) and Rhizanth-
ella gardneri, a geophytic orchid (Delannoy et al. 2011). In
contrast to the highly reduced genome of fully MHT Rhi-
zanthella, the plastid genome of Aneura has retained many
genes related to photosynthesis, attributed to a presumably
recent switch of this species to mycoheterotrophy (Wickett
et al. 2008). Aside from these two examples, the plastomes
of MHT species remain poorly characterized, especially
among angiosperms.

Ericaceae, the heather family, are a large and diverse
group of flowering plants, nearly cosmopolitan in distri-
bution. This family is known to have elaborated symbiotic
relationships with fungi. As currently circumscribed, based
on broad-scale molecular and morphological analyses,
Ericaceae s.l. is composed of eight subfamilies (summa-
rized by Kron et al. 2002). Seven of those contain exclu-
sively autotrophic species. All MHT taxa of various trophic
levels, previously treated as segregate families (Mono-
tropaceae and Pyrolaceae), are now classified in subfamily
Monotropoideae. Within this group, mixotrophic (i.e.,
hemi-heterotrophic) species are confined to tribe Pyroleae
while the fully MHT species are confined to tribes Ptero-
sporeae and Monotropeae (Kron et al. 2002). Monophyly
of each of these tribes is strongly supported; however, the
phylogenetic relationships among them remain uncertain
(Kron et al. 2002). First, it is unclear whether there is a
single origin of mycoheterotrophy or whether these three
tribes are examples of parallel evolution (Copeland 1941;
Cullings 1994; Bidartondo and Bruns 2001; Merckx and
Freudenstein 2010). Second, the position of Arbutoideae
and its relationship to other autotrophic subfamilies as well
as various MHT taxa also remains uncertain (Cullings
1994; Kron et al. 2002; Bidartondo and Bruns 2001). In an
attempt to build upon previously available phylogenies and
provide further resolution to some of these outstanding
questions, we report here results of phylogenetic analyses
inferred from the nuclear phytochrome A (PHYA) gene.
Phytochrome genes have been shown to be powerful
markers for phylogenetic studies at the higher phylogenetic
levels (e.g., Poaceae, Mathews and Sharrock 1996; Brass-
icaceae, Beilstein et al. 2008) and in particular for het-
erotrophs (e.g., Orobanchaceae, Bennett and Mathews
2006).

Comparative analyses of the plastomes along the full
trophic spectrum, from autotrophs to mixotrophs to full
heterotrophs, would allow us to assess the degree to which
genomic changes take place prior to complete loss of
photosynthesis and to dissect the evolutionary constraints
imposed by the presence of non-photosynthetic genes. In



Plant Mol Biol (2012) 79:5-20

this investigation, we gather data using a comprehensive
Southern hybridization survey of plastid protein coding
genes for an extensive sampling across Ericaceae. We
interpret those data within a phylogenetic framework and in
comparison with plastomes of other heterotrophs. Finally,
we seek to identify the most interesting species that have
highly modified plastid genomes, thus representing the
prime candidates for entire plastome sequencing.

Materials and methods
Taxon sampling

Our sampling encompasses six of eight subfamilies in Er-
icaceae (Kron et al. 2002; Table 1). We focused most
extensively on Monotropoideae, the subfamily traditionally
grouping all MHT members of Ericaceae. We included 2/3
of its generic diversity (10 out of 15 genera), representing
all three major lineages, tribes Pyroleae, Monotropeae, and
Pterosporeae. For a number of their species with broad
geographic distribution, we included multiple accessions to
evaluate potential polymorphisms among populations
(Table 1). As representatives of autotrophic lineages, we
included species from five Ericaceae subfamilies: Enkian-
thoideae, Cassiopoideae, Arbutoideae, Ericodeae, and
Vaccinoideae (sampling lacking for Stypheloideae and
monotypic Harrimanelloideae). Taken together, our sam-
pling strategy provides a broad phylogenetic background in
which to compare the MHT members of various trophic
levels to their autotrophic relatives. Cyrilla racemiflora and
Clethra barbinervis were included as close outgroups
(Kron et al. 2002). Voucher information for taxa included
in the study are listed in Table 1.

A representative subset of 15 of these accessions
(Table 1; underlined) was used for the molecular phyloge-
netic analysis based on single-copy nuclear PHYA sequence
data. This analysis included sequences from three additional
species that were not surveyed, Ledum groenlandicum
Oeder (voucher: 05051, BIOUG), Moneses uniflora (vou-
cher: 05060, BIOUG), and Monotropastrum globosum
Andres ex Hara (GenBank accession number: AY348569).
All sequences newly generated in this study are deposited in
GenBank (accessions JQ248014-JQ248029).

DNA extraction, amplification, and sequencing

Total genomic DNA was extracted from fresh, silica dried,
or herbarium material using a modified hexa-decyl-
trimethylammonium bromide (CTAB) technique (Doyle
and Doyle 1987). Samples used in phylogenetic analyses
were further purified using Wizard mini-columns (Pro-
mega). The nuclear genome region containing exon 1 of

PHYA was amplified and sequenced using five primers
(Supplementary Table 1) designed from regions con-
served across Monotropastrum, Solanum, and Cuscuta
(GeneBank accession numbers: AY348569, DQ208423,
and AY348567, respectively). The polymerase chain
reaction (PCR) reactions were carried out in 50 pL vol-
umes with an annealing temperature of 60°C for 5 cycles
followed by annealing temperature of 50°C for 30 cycles
using high fidelity DNA Polymerase (Platinum® Tagq;
Invitrogen). Amplified products were cleaned by polyeth-
ylene glycol/NaCl precipitation and cloned using into the
pSTBlue-1 AccepTor™ vector (EMD Biosciences). Mul-
tiple clones (2-5 clones) were cleaned and sequenced using
the DYEnamic™ ET dye terminator sequencing kit (GE
Healthcare) on an Applied Biosystems model 377 auto-
mated DNA sequencer (PE Biosystems). There were min-
imal substitution differences (1-5 bp) between sequenced
clones, implying that only a single copy of PHYA was
present. Sequence chromatograms were proofed, edited,
and contigs were assembled using Geneious Pro v5.4.4
(Drummond et al. 2010). Sequences were aligned using the
native Geneious alignment algorithm and then checked by
eye. For the phylogenetic analyses, gaps were treated as
missing data.

Phylogenetic analyses

Phylogenetic analyses were conducted under parsimony
and maximum likelihood using PAUP* v4.0b10 (Swofford
2002). Given the moderate number of terminal units, the
parsimony searches were conducted with a Branch-and-
Bound algorithm, ensuring recovery of all of the most
parsimonious (MP) trees. Matrix characters were treated as
unordered (Fitch 1971), and all changes were equally
weighted. ModelTest v3.7 (Posada and Crandall 1998) was
used to determine the model of sequence evolution that
best fit the data. According to both the hierarchical likeli-
hood ratio test (hLRT) and Akaike information criterion
(AIC), the general time-reversible (GTR) model of DNA
substitution (Lanave et al. 1984), with rate variation among
nucleotides following a discrete gamma distribution
(GTR + G), was selected as the best-fit model. The full
heuristic searches for maximum likelihood (ML) trees were
performed under the selected model, involving 100 repli-
cates with stepwise random taxon addition, tree bisection—
reconnection (TBR) branch swapping, and MULTREES
option on.

Under both criteria, the support for clades was inferred
by nonparametric bootstrapping (Felsenstein 1985), using
1,000 heuristic bootstrap pseudoreplicates for MP and 100
heuristic bootstrap pseudoreplicates for ML analyses. Both
analyses also included TBR branch swapping, and MUL-
TREES option on. Support for a relationship was
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considered weak if bootstrap value was <65%, moderate if
between 65 and 85%, and strong if >85%.

Three alternative topologies were constructed to further
investigate relationships within Ericaceae. To statistically
test and compare these alternatives with the optimal trees
we conducted one-tailed Shimodaira-Hasegawa (SH) tests
(Shimodaira and Hasegawa, 1999; Goldman et al. 2000) in
PAUP* using 1,000 replicates and full parameter optimi-
zation of the model. We also carried out the approximately
unbiased tests (AU tests; Shimodaira, 2002). The p values
for the AU were calculated in CONSEL version v0.20
(Shimodaira and Hasegawa 2001), using 10 repetitions of
multiscale bootstrapping, each consisting of 10 sets of
10,000 bootstrap replicates.

Hybridization

Due to limited quantity and poor quality of a number of
samples derived from silica-gel or herbarium material, slot-
blot hybridization was used. Detailed descriptions and
rationale for this approach are provided in Doyle et al.
(1995) and Braukmann et al. (2009). In brief, a slot-blot
apparatus (Bio-Rad) was used to make seven sets of pseu-
doreplicate filter-blots, following the manufacturer’s pro-
tocol. Approximately 500-800 ng of total DNA (per sample
and per set) was bound to Immobilon-Ny+ nylon mem-
brane (Millipore). Membranes were prehybridized,
hybridized, and washed at 60°C. Probes were labeled with
3P using random oligonucleotide primers (Invitrogen).
Autoradiography was carried out using intensifying screens
at —80°C for 18-48 h. DNA from tobacco (Nicotiana ta-
bacum L.) was included on the blots as a positive control for
the plastid probes. Prior to subsequent rounds of hybrid-
ization, the absence of carry-over signal was determined by
an overexposure of decayed blots on a phosphor imaging
screen for 68 h (Personal Molecular ImagerTM; Bio-Rad).

Hybridization probes for 47 plastid protein coding genes
(Table 1) as well as controls (23S and 16S rDNA) were
derived from tobacco via PCR. Two probes were used to
survey genes interrupted by an intron, with each probe
covering an exon. Also, longer genes were surveyed using
two probes situated at the 5’ and 3’ ends, respectively. A
total of 52 probes were used, sampling every major func-
tional category of protein coding genes typically observed
in green plant plastomes (refer to Wicke et al. 2011 for a
detailed review). Primer names and sequences used to
construct the probes are provided in the Supplementary
Table 1. For each probe, their length, GC content, and the
structural location within the plastome of tobacco are
provided in Supplementary Table 2. To estimate the non-
specific background hybridization levels, an initial negative
hybridization control was performed under the same
stringency conditions but without probe added.

Results
Phylogenetic analysis

Except for Monotropastrum globosum whose mRNA-
derived sequence was downloaded from GenBank
(AY348569), multiple clones were sequenced for all other
species included in our phylogenetic analysis. Aside from
minor (presumably allelic) differences, in all those cases
only a single copy of PHYA has been recovered. Despite
using only the protein coding sequence data, the PHYA
exon 1 provided substantial amount of variability (1,450
aligned positions; 518 variable sites; 285 parsimony
informative characters across 17 ingroup taxa) as well as
overall good resolution and support for phylogenetic rela-
tionships within Ericaceae. ML-derived phylogram is
shown in Fig. 1. Phylogeny obtained through MP analysis
recovered a nearly identical topology (two equally parsi-
monious trees of 907 steps; trees not shown). Similar to
other broad-scale phylogenetic analyses of Ericaceae (see
Kron et al. 2002 and references therein), we obtained
strong support for the monophyly of the family as well as
the position of subfamily Enkianthoideae as sister to the
rest of Ericaceae. Representatives of three autotrophic
subfamilies characterized by a synapomorphy (early
inversion of anthers from extrorse to introrse), Ericoideae,
Vaccinioideae, and Cassiopoideae (Hermann and Palser
2000; Kron et al. 2002), are also recovered together, as a
strongly supported clade (Ericaceae s.s.; Fig. 1). On the
other hand, while the three MHT tribes (Pyloleae, Mono-
tropeae, and Pterosporeae) are each strongly supported as
monophyletic, their grouping into Monotopoideae is not
(Fig. 1). Tests for alternative topologies rejected mono-
phyly of this subfamily as traditionally defined (SH test
p <0.001; AU test p=3 x 1078). Contributing most
notably to this is the position of Pterosporeae, strongly
supported as a lineage distinct from other MHT taxa
(100%; Fig. 1). Finally, the position of subfamily Arbu-
toideae remains uncertain. We recovered it as sister to the
tribe Monotropeae on the optimal trees but the support for
this relationship is only moderate to weak (78 and 60%,
respectively for ML and MP analyses). However, alterna-
tive topology tests rejected (SH test p < 0.001; AU test
p =7 x 1077) the consensus view where Arbutoideae are
sister to other autotrophic Ericaceae (as per Kron et al.
2002). Also, we enforced Arbutoideae as sister to the clade
containing both Pyroleae and Monotropeae, a topology
suggesting a common origin of mycoheterotrophy for these
two tribes. Both tests of alternative topology rejected this
relationship of Arbutoideae with Pyroleae and Monotro-
peae (SH test p = 0.042; AU test p = 0.006), implying
an independent origin of MHT for each of these two
groups.
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Fig. 1 Ericaceae phylogeny 94 Gaultheria procumbens — VACC
depicted as a phylogram —
obtained from maximum 98 84— cassiope mertensiana — CASS
likelihood analysis of PHYA
sequence data under the o 100 [ Phyllodoce empetriformis
GTA + G model of DNA ERIC
evolution. Four-letter 100 Ledum groenfandfcum
abbreviations for subfamilies
follow those from Table 1, 460 92/94 - Chimaphila umbellata
three-letter abbreviations for il
three Monotropoideae tribes are 100 100 Moneses unifiora MONO
as follows. Mon Monotropeae, 100 PY r
Pte Pteroideae, Pyr Pyroleae. 100 | Pyrola americana
Numbers above and below 100
branches indicate likelihood and - Orthilia secunda
parsimony bootstrap values, ) .
respectively 73 92/81 - e Hypopitys monotropa
78/55 1
82 100 Allotropa virgata MONO
80
100 100 [ Monotropa unifiora Mon
T 100 L. Monotropastrum globosum
78/60 -
100 Arctostaphylos uva-ursi
ARBU
100 Arctostaphylos columbiana
MONO
Pterospora andromedea @ —— Pte
Enkianthus campanulatus — ENKI

Cyrilla racemiflora

— 0.01 substitutions/site

Interpretation of slot-blots

The presence or absence of plastid protein coding genes
was determined by eye, by comparison of hybridization
signal to the corresponding large and small ribosomal
subunits probes. Given the conserved nature of 23S and
16S genes and their near ubiquitous presence among plant
(Bendich 1987; Wicke et al. 2011), these two probes were
used as controls to establish the presence of significant
amounts of ptDNA on the blots as well as the baseline
measure against which the presence or absence of other
plastid genes was estimated. For each blot set and probe,
the strength of signal was estimated by comparison to our
positive control, tobacco, a species known to contain these
genes based on previously available entire ptDNA
sequence data (Shinozaki et al. 1986). Additionally, Cyrilla
racemiflora and Clethra barbinervis were included to
compare FEricaceae to more closely related autotrophic
taxa.

A representative example of slot-blot data, arranged
phylogenetically, is depicted in Fig. 2 and results for all of
the surveyed species and probes are listed in Table 1. For
all probes, the relative absence or presence of signal was

@ Springer

scored for each taxon as indicating either full (4++),
diminished (4), absent (=), or unknown (?) in comparison
with 23S and 16S positive controls. The full signal is
assumed to indicate that the surveyed gene is present and
putatively functional. For genes assayed with two probes
(two exons or 5" and 3’ end), full hybridization signal to
both probes is necessary to indicate that a functional copy
of the gene is present. Diminished or absent signals can be
interpreted in several different ways. Diminished hybrid-
ization signal suggests either that the gene is present and
functional but divergent with respect to tobacco or alter-
natively, that the homologous region is present as a pseu-
dogene (i.e., rendered non-functional). Absence was scored
if no detectable hybridization to a probe was observed.
Given our experimental conditions, a gene transferred to
the nucleus would not produce a hybridization signal when
compared to a gene copy retained in the plastid genome.
Transferred genes are significantly reduced in copy number
and have accelerated substitution rates relative to the
plastid (Wolfe et al. 1987). Given the typically low sub-
stitution rates for functional genes in ptDNA, a lack of
signal suggests either loss of the gene or its transfer to the
nucleus, rather than a highly divergent yet functional gene.
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Fig. 3 Summary of functional
losses of 47 protein coding
genes within Ericaceae and
outgroups inferred from
hybridization survey. Numbers
refer to the genes as enumerated
in Table 1. Gene losses within a

2" Gaultheria

Chamaedaphne
Leucothoe
Andromeda
Vaccinium
Epigaea

box indicate common losses to
Monotropeae and Pterosporeae.
Genes that are followed by a
“?” indicate potentially
divergent copies of a plastid

Phyllodoce
Kalmia
Menziesia
Cassiope

4

Pl

genes, rather than a functional
loss. The composite tree
depicted is based on the
relationships derived from Kron
et al. (2002) as well as our
phylogenetic analysis based on

PHYA sequences (Fig. 1) 39,40,46

Arctostaphylos
9

{ C. umbellata
J C. maculata

1,789

Moneses

P. americana
9 |_: P. asarifolia

|_: P. chlorantha
P. picta
Orthilia
w3335817.00285 | zﬁzﬁgﬁ
L Hypopitys
Allotropa

17,20,38

I_ Monotropa

33,34,35,39,417,45
Monotropa

o s
rl.!.!.d.'b.b.?,8,9,11.12.13,[4.16.13,19.11.22,23. |

= Monotropa

10,36

:z-t,z5.)5,3?,23.29.3:1,31,32.35,40,42.43.46,4; | s Pleuricospora
_________________ a4
-l 10,17,20,33,38,39 - Pterospora
L35 ___ sarcodes
Enkianthus
Cyrilla

In certain cases, some taxa were scored as unknown (“?”;
see Table 1). These ambiguities are a consequence of
insufficient amounts or poor quality DNA for a given
pseudoreplicate.

Given our assumptions, caveats of using southern
hybridization are potential false positives or false nega-
tives. For example, diminished signals that are interpreted
as pseudogenes could be divergent but functional copies of
the gene, while genes assumed to be present and functional
could be recent pseudogenes. Despite these potential dif-
ficulties, southern hybridization allows for the evaluation
of the gene content of a broad and diverse set of taxa in an
efficient and cost-effective manner.

Distribution of gene losses

According to our investigations, autotrophic members of
Ericaceae and the outgroups (Clethra barbinervis and
Cyrilla racemiflora) typically exhibit full signal for all 47
plastid probes used in the survey (see Table 1; Figs. 2, 3
for details). These hybridization results were expected
given the presence of these genes within the plastome of
most flowering plants (Jansen et al. 2007) and were similar

@ Springer

in strength to positive controls on the blots. The relative
strength of the tobacco-based probes to most of our ingroup
and outgroup taxa indicates the conserved nature of plastid
genes across large phylogenetic distances, including the
divergence of asterids (~107-117 Mya; Wikstrom et al.
2001).

Plastid-encoded NADH dehydrogenase (ndh) genes

The autotrophic members of Ericaceae generally showed
undiminished signal for the ndh genes. An exception to this
trend is ndhJ, which indicated diminished hybridization
signal for all green Ericaceae, i.e., both autotrophic and
mixotrophic members of this family. Given the strength of
hybridizations of other ndh genes, we interpret this as a
divergent copy of ndhJ with respect to tobacco. On the
other end of the continuum, the overall lack of hybridiza-
tion to ndh probes in fully MHT Ericaceae implies the
functional loss of the NDH complex (Table 1). Sporadic
presence of diminished hybridization signals for ndh genes
among achlorophyllous Ericaceae most probably represent
pseudogenes, and the variable strength of hybridizations
among fully MHT taxa is likely a consequence of
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stochastic decay of these remnants (Table 1; Fig. 2).
Mixotrophic species generally show presence for most ndh
genes but are variable at a number of loci. For example,
Moneses uniflora shows the most variation, with no
hybridization signal for exon 1 of ndhA, ndhF, ndhG, and
ndhH as well as diminished signals for ndhC and ndhl.
Similar lack of uniform presence or absence of ndh genes
was also observed within Chimaphila. Interspecific differ-
ences of hybridization signal for ndhl were evident with
C. maculata exhibiting full hybridization signal and C.
umbellata exhibiting either weak or absence of signal.
Some intraspecific differences of signal were also observed
within C. umbellata for ndhF, ndhl, and ndhJ (Table 1;
Fig. 2). The variegated nature of presence and absence of
the ndh genes in mixotrophic Ericaceae provides an
opportunity to investigate more thoroughly the extent,
pattern, and tempo of loss of the NDH complex (Table 2).
In particular, the taxa with the greatest number of losses,
such as Monotropa uniflora and Chimaphila umbellata,
appear to be candidates most suitable for in-depth explo-
rations via entire plastome sequencing.

Genes encoding the photosynthetic pathways

Various functional gene classes directly involved in pho-
tosynthesis (psa, psb, atp, pet, rbcL) were present in all
green Ericaceae. An exception is weak hybridization for
petB observed in mixotrophic Pyrola americana. Not sur-
prisingly, among the full MHT taxa, there was generally an
absence of signal for genes of the photosynthetic apparatus
with four notable exceptions. First, Pterospora androme-
dea had full hybridization signal to psbA. Second, albeit
weak, most full heterotrophs showed some signal for psbC
and Pleuricospora fimbriolata had full hybridization to this
probe. Third, the same species, P. fimbriolata, was scored
as present for rbcL (Fig. 2; Table 1). Lastly, diminished
signal for atpA is observed for P. andromedea and P. fi-
mbriolata. The loss of photosynthetic genes in achloro-
phyllous Ericaceae is similar to other full heterotrophs
which have abandoned photosynthesis and rely solely on
their hosts for survival. However, due to their continued
reliance on photosynthesis, mixotrophic taxa retain genes
essential to photosynthetic function (Table 2).

Housekeeping genes

Similar to the genes involved in the photosynthetic path-
ways, green Ericaceae showed no decrease in hybridization
signal for the RNA polymerase (rpo) genes. Amongst the
fully MHT taxa, there was typically a weak to completely
absent hybridization signal for rpo genes, indicative of the
loss of plastid-encoded rpo (Table 2; Figs. 2, 3). For
example, Monotropa uniflora showed some weak signals

for rpoA, rpoCl, and rpoC2. In contrast, there was a
complete absence of hybridization signal for all four rpo
genes in Pleuricospora fimbriolata and Pterospora an-
dromedea. This loss of the plastid-encoded polymerase
(rpo) genes in fully MHT Ericaceae is similar to that seen
in other holo-heterotrophs (Table 2). Green Ericaceae
exhibited full to weak hybridization signal for the small
and large subunit ribosomal protein probes (rps and rpl
genes). Full hybridization signal was observed for rps2,
rps4, and rpll4. For the remaining rps and rpl probes,
hybridization ranged from weak to absent (Table 1). The
absence of hybridization signal in Pyroleae for rpl23 and
rpl32 is unique within Ericaceae and distinguishes this
tribe from the rest of the family (Table 1; Figs. 2, 3). Fully
MHT taxa were also highly variable in their hybridization
signal to ribosomal proteins. Notably, Moneses uniflora
exhibited the greatest number of absences, with no
hybridization signal for five genes (rps4, rpl20, rpl23, and
rpl32), while P. fimbriolata had the fewest absences (only
rps16 absent; see Table 1). The extensive loss of ribosomal
proteins observed in Moneses uniflora is more pronounced
in comparison to any other known heterotroph (Table 2),
rendering this fully MHT species a prime candidate for the
entire plastome sequencing.

Genes of other or unknown functions

Intron maturase (matK) is present in most taxa but has a
weak to absent signal in Monotropa uniflora. Hybridiza-
tions for f-carboxyl transferase subunit of acetyl-CoA
carboxylase (accD) typically exhibited presence within
Ericaceae but there was diminished signal for Hypopitys
monotropa, Andromeda glaucophylla and a complete
absence of signal in Kalmia latifolia (see Table 1). To date,
accD has been observed in all sequenced plastomes of
heterotrophic plants, but is known to have been function-
ally transferred to the nucleus among autotrophic flowering
plants at least 6 times independently (Jansen et al. 2007).
Hybridizations for a membrane envelope protein (cemA)
and heme attachment to cytochrome c biogenesis protein
(ccsA) were present in green Ericaceae, but generally
absent in achlorophyllous taxa. Finally, the hybridization
signal for ATP-dependent protease (c/pP) was diminished
in most of Ericaceae except for the full signal in the MHT
taxa Pleuricospora fimbriolata, Sarcodes sanguinea, and
Monotropa uniflora (Table 1; Fig. 2). Generally weak
hybridization for clpP across Ericaceae is potentially a
result of a divergent plastid copy of c/pP common to the
family rather than a loss. Alternatively, the diminished
signal could be due to a pseudogene of clpP present in the
plastomes of many Ericaceae.

Overall, there was highly variable signal from the
hybridization probes for the hypothetical chloroplast open
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reading frames (ycf). Only ycf4, a gene putatively involved
in photosystem I assembly (Boudreau et al. 1997), exhibits
a pattern typical to most other plastid loci, with full
hybridization to green taxa, and no hybridization in fully
MHT taxa. The ycf2 3’ probe was weak for most green
Ericaceae with the absences restricted to Artcostaphylos
and Pyroleae. MHT taxa did not produce hybridization
signal for the ycf2 3’ probe. The known plastomes of other
heterotrophs have retained ycf2, and among heterotrophs
the loss of ycf2 appears to be restricted only to MHT
Ericaceae.

Discussion
Phylogenetic relationships within Ericaceae

Similar to other studies using PHYA sequences for phyloge-
netic purposes (e.g., Mathews and Sharrock 1996; Bennett and
Mathews 2006; Beilstein et al. 2008), assessment of primary
homology among sequences was straightforward. Despite
extensive cloning, only a single, presumably orthologous,
copy of the gene was recovered in all species. Also, the pro-
tein-coding nature of this sequence allows for an easy and
unambiguous alignment not only across diverse ingroup taxa
but also between ingroups and outgroups. Given its relatively
short length (~ 1,450 bp), the data matrix obtained from
PHYA exon 1 was quite variable and phylogentically infor-
mative (518 variable sites across 17 operational units),
resulting in a well-resolved topology (Fig. 1).

Most aspects of PHYA-derived results (Fig. 1) are in
accordance with previous phylogenetic inferences for Erica-
ceae based on multiple plastid and/or nuclear ribosomal DNA
sequences (Kron et al. 2002). An example of this includes the
monophyly of the family in a broad sense, i.e., including
members previously treated as segregate families, such as
Pyrolaceae, Monotropaceae, etc. Also, the position of Enki-
anthus as sister to the rest of the family, the monophyly of
Ericaceae s.s., a clade characterised by the early anther
inversion character, as well as the monophyly of MHT tribes
are all points of congruence with published phylogenies. In
contrast to previous studies (Cullings 1994; Bidartondo and
Bruns 2001; Kron et al. 2002), our gene tree suggests that
Pterosporeae diverged early from the rest of Ericaceae,
implying an additional origin of holo-heterotrophy in the
family, independent from those in Monotropeae. However,
caution is warranted when interpreting the relationships of
Pterosporeae with the remaining members of the family. The
position of this tribe could be an artifact stemming from long-
branch attraction (LBA), which is known to result in strongly
supported yet spurious results (Felsenstein 1978). Namely, as
can be observed from the phylogram (Fig. 1), Pterospora
andromedea and Enkianthus campanulatus are among the
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most divergent taxa for the PHYA sequences, and the recov-
ered topology is potentially a result of the LBA phenomenon.
Nevertheless, this result was recovered not only under the MP
criterion employing equal evolutionary rates (Felsenstein
1978; Hendy and Penny 1989), but also by ML, a method
using model of DNA evolution that explicitly accounts for rate
heterogeneity (Felsenstein 1981; Lockhart et al. 1996; Stefa-
novic and Olmstead 2004). Also, both SH and AU tests
strongly rejected alternative placement of Pterospora, as
sister to Monotropeae.

Regardless of the exact position of Pterosporeae, my-
coheterotrophy appears to have also evolved independently
in Pyroleae and Monotropeae, given that autotrophic Ar-
butoideae are phylogenetically interjected between these
two clades, being resolved as sister to Monotropeae. This
sister relationship has received only weak to moderate
support in our analyses (Fig. 1) but the SH and AU tests of
alternative topologies rejected the position of Arbutoideae
with Ericaceae s.s., a traditional placement for this sub-
family (Kron et al. 2002), or as sister to a clade containing
both Pyroleae and Monotropeae. In addition to our results,
sister-group relationship between Arbutoideae and Mono-
tropeae (but not Pyroleae) has been previously reported
with both weak (Cullings 1994) and moderate support
(Feldenkris et al. 2011). Further support for the affinity of
Arbutoideae with MHT taxa comes from structural ptDNA
feature, the shared loss of ycf2 (Table 1; Fig. 3).

Relationships within Pyroleae suggested by our PHYA
data (Fig. 1) are consistent with topologies recovered by
nuclear ribosomal ITS and large subunit (26S) sequences
(Freudenstein 1999; Liu et al. 2011), as well as some
morphology-based studies (Krisa 1971), but not all (see
Kron et al. 2002 for alternative views). Within Monotro-
peae, our topology indicates that Monotropa uniflora and
Hypopitys monotropa (also known as Monotropa hypopi-
tys) are not sisters to one another but rather H. monotropa
is recovered as sister to Allotropa, and Moneses uniflora as
sister to Monotropastrum. These relationships are strongly
supported and are consistent with the results of other
studies based on nuclear ribosomal ITS and 26S sequences
(Bidartondo and Bruns 2001; Neyland and Hennigan 2004;
Bidartondo 2005; Feldenkris et al. 2011), thereby sup-
porting Hypopitys as a genus distinct from Monotropa.
Additional PHYA sequence data, in particular those from
introns found in this gene, combined with more extensive
sampling would be useful in further elucidating relation-
ships within both of these MHT tribes, and beyond.

Patterns of gene loss within Ericaceae

While there is a general trend in heterotrophic taxa for
plastid gene loss, the extent by which these losses occur
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depends largely on selective pressure to maintain any
photosynthetic function (McNeal et al. 2007b; Krause
2008). The extent of gene loss in fully MHT Ericaceae with
respect to the photosynthetic genes is similar to what has
been observed for Epifagus virginiana and Rhizanthella
gardneri (Wolfe et al. 1992; Delannoy et al. 2011).

A recurring pattern among heterotrophs is the loss of the
plastid-encoded ndh genes, which are presumed to be the
first genes lost in the transition to heterotrophy (McNeal
et al. 2007a; Martin and Sabater 2010). Outside hetero-
trophic lineages, this complex is very rarely lost from
plastomes (Braukmann et al. 2009), and among entirely or
extensively sequenced plastomes of autotrophic angio-
sperms (see Jansen et al. 2007 for the most recent sum-
mary), its loss has been documented only in few members
of Orchidaceae, Lentibulariaceae, and Geraniaceae (Wu
et al. 2010; Blazier et al. 2011; Wicke et al. 2011). The
absence of the entire suite of ndh genes in Monotropeae
and Pterosporeae parallels the losses observed in Epifagus,
Cuscuta, and Rhizanthella (Wolfe et al. 1992; Funk et al.
2007; McNeal et al. 2007a; Delannoy et al. 2011). The loss
of the NDH complex is correlated with a decreased reliance
on photosynthesis and it is thought to be dispensable in
mild environments when maintaining photosynthetic rigour
is no longer essential for survival (Martin and Sabater
2010). This is particularly true for mixotrophic plants liv-
ing under forest canopies in which the ability to exploit
neighbouring hosts improves the ability to survive low
light conditions (Selosse and Roy 2009). If the NDH
complex is dispensable under these conditions, then we can
predict parallel loss of this complex in other lineages of
mixotrophic plants with an otherwise preserved photosyn-
thetic apparatus analogous to that in hemiparasitic Cuscuta
species. Within mixotrophic Pyroleae, many of the ndh
genes are still observed, and this provides an opportunity to
investigate the loss of these genes from the plastome.
Moneses uniflora and Chimaphila umbellata are the most
affected species, with eight and three functional losses,
respectively, and therefore they represent prime candidates
for the whole plastid genome sequencing.

In contrast to the ndh genes, none of the genes involved
directly in the photosynthetic pathway (i.e., psa, psb, pet,
atp, and rbcL) are lost in any of mixotrophic Ericaceae.
Comparable to autotrophic Ericacaeae, hybridization signal
for the genes are strong, indicating strong selection for
maintaining genes directly involved in photosynthesis in
mixotrophic taxa. This is similar to hemiparasitic Cuscuta
in which genes in the photosynthetic pathways have gen-
erally been retained, except for the loss of psal (Funk et al.
2007; McNeal et al. 2007a). On the other hand, fully MHT
Ericaceae has lost most of the genes in the photosynthetic
pathway, including the ndh genes and have primarily
retained pseudogene remnants, similarly to Epifagus and

Rhizanthella (Wolfe et al. 1992; Delannoy et al. 2011).
Notably, the large subunit of RuBisCO (rbcL) appears to
have been retained in Pleuricospora fimbriolata. It has
been previously hypothesized that rbcL potentially has
function outside photosynthesis (Bungard 2004). Specifi-
cally, it can be involved in fatty acid synthesis in the cell or
in transcriptional suppression during oxidative stress
(Schwender et al. 2004; Moset et al. 2004; Krause 2008).
The retention of an rbcL open reading frame has been
observed in other fully heterotrophic taxa and requires
further investigation to elucidate its role outside photo-
synthesis (Wolfe and dePamphilis 1997, 1998; Lusson
et al. 1998; Delavault and Thalouarn 2002; Wickett et al.
2008; Krause 2008; Barrett and Freudenstein 2008).

The absence of plastid-encoded rpo genes from the
plastome of fully MHT suggests a shift from plastid-
encoded polymerase (PEP) to nuclear-encoded polymerase
(NEP) for their remaining transcriptional units (Krause
2008). Similar transitions to NEP have been observed in
Epifagus and Cuscuta and these transitions are presumed to
precede loss of photosynthesis (Wolfe et al. 1992; McNeal
et al. 2007a; Krause 2008; Delannoy et al. 2011). MHT
Ericaceae also exhibit a number of losses of large and small
ribosomal protein (rpl and rps) genes, more extensive than
those observed in Rhizanthella, Cuscuta, and Epifagus
(Wolfe et al. 1992; Funk et al. 2007; McNeal et al. 2007a;
Delannoy et al. 2011). These losses indicate a greater
reliance on nuclear encoded polymerases and ribosomal
proteins to translate the remaining plastid genes. In several
angiosperms, rpsi6 is encoded in the nucleus and targeted
to both the chloroplast and mitochondria (Ueda et al.
2008), as are many other proteins and tRNAs (Carrie et al.
2009). The loss of large and small ribosomal protein genes
from plastid do not necessarily represent loss of these
genes from the cell but perhaps point out toward an
increased reliance on nuclear encoded products for plastid
expression.

Group IIA intron maturase (matK) appears to be present,
albeit divergent, across Ericaceae. A couple of populations
of Monotropa uniflora lack hybridization signal for matK
(see Table 1), but overall this gene appears to be present
across MHT species as well. Hence, given the currently
available data, the loss of this maturase seems to be
restricted to some members of Cuscuta and Rhizanthella
(McNeal et al. 2007a, b; Krause 2008). The retention of
matK in fully MHT Ericaceae implies that there is still a
demand to splice group ITA intron(s). Another common
pattern shared with other heterotrophs is that both cIpP and
accD are retained in MHT Ericaceae. This strongly sug-
gests that these genes have function outside photosynthesis
and are expected to be retained by heterotrophic plants, as
previously hypothesized by Bungard (2004) and Barbrook
et al. (2006). Nevertheless, it is known that clpP and accD
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can be functionally transferred to the nucleus and these loci
have been lost multiple times from the plastids of flowering
plants (3 and 6 times, respectively; Jansen et al. 2007).
Interestingly, within our data set, an autotrophic species,
Kalmia latifolia, appears to have lost its plastid accD,
which potentially represents yet another functional transfer
to the nucleus. Unexpectedly, clpP is divergent in most of
Ericaceae and a divergent clpP differentiates Ericaceae
from its close outgroups, Cyrillaceae and Clethraceae.
Also, unique to Ericaceae is the weak hybridization signal
for ycf2. Similar to clpP, this may represent a divergent
gene, but could also be a pseudogene copy of ycf2.

Summary and prospects

This study provides the first comprehensive investigation
of gene content in plastomes of MHT Ericaceae. There is a
strong contrast in plastid gene content amongst Ericaceae
of different trophic levels. Autotrophic Ericaceae generally
retain all plastid genes investigated and within mixotrophic
Pyroleae gene losses are restricted to the ndh genes (par-
ticularly Moneses uniflora; Table 1; Fig. 3), ycf2, and a
few proteins of the large ribosomal subunit (7p/23 and
rpl32). However, a distinctive characteristic of some eri-
coid mixotrophs compared to all other published cases of
sequenced plastomes is their variability regarding the
presence and absence of plastid-encoded ndh genes. Plastid
gene losses are concentrated primarily among fully MHT
Ericaceae. These gene losses are associated with the loss of
photosynthetic function, and for the most part, only genes
with function outside photosynthesis seem to be retained.
This trend is similar to other full heterotrophs sequenced to
date, primarily among haustorial parasites, which also
exhibit loss of most genes pertaining to photosynthesis (see
comparison in Table 2).

This work, grounded in a phylogenetic framework, lays
the foundation for further investigations of MHT species by
whole plastome sequencing. Given the potential difficulties
with obtaining the whole plastome sequences of fully
heterotrophic plants (McNeal et al. 2007a, b; Delannoy
et al. 2011), it is advantageous to have a priori information
on heterotrophic plants to direct future sequencing efforts
on the most interesting and information rich taxa. Our
Southern hybridization revealed that the most promising
cases for plastome sequencing among mixotrophic Erica-
ceae are Moneses uniflora and Chimaphila maculata. An
in-depth investigation in these species will allow us, for
example, to further explore the extent and tempo of losses
of ndh genes. Among fully MHT species, Monotropa
uniflora appears to be an ideal candidate for entire plas-
tome sequencing. On one hand, this species exhibits more
extensive losses of genes compared to other closely related
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holo-heterotrophs (e.g., a number of housekeeping genes).
On the other hand, Moneses uniflora shows unexpected
presence of hybridization signal for some ndh and rpo
genes.
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