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*Department of Biology, University of Toronto Mississauga, Mississauga, Ontario L5L 1C6, Canada; †Ecology and Evolutionary Biology,
University of Toronto, Toronto, Ontario M5S 2Z9, Canada; and ‡Department of Biology and Health Sciences,

Hendrix College, Conway, Arkansas 72032, USA

Editor: Susan J. Mazer
1 Autho
2 Curre

La Crosse

Manuscript
electronical

Internation
Commons
For comm
Premise of research. Parasitic plants are characterized by a reduced or absent ability to conduct photosynthesis
and accompanying morphological, physiological, and genomic changes. The plastid genome (or plastome) houses
many key photosynthetic genes and is consequently highly conserved in autotrophic plants. This molecule is thus a
useful model for documenting the genomic effects of a loss of autotrophy, which is typically associated with some
reduction in plastome size and coding content. Twelve lineages of angiosperms have seen independently evolved
haustorial parasitism. One of these lineages, Krameria, is a genus of obligate hemiparasites that appears to subvert
the expectation of plastome reduction and instead has a substantially longer plastid genome than its nearest pho-
tosynthetic relatives.

Methodology. Two plastid genomes have been reported from this genus but have not yet been analyzed in
depth. This study adds a third assembled Krameria plastome and then investigates their structure and sequence
composition in comparison with that of the autotrophic Tribulus terrestris from the group’s sister clade.

Pivotal results. We find that Krameria plastomes have essentially intact coding sequences and that the unex-
pected increase in their sizes is due to the accumulation of elevated numbers of tandem repeats in the intergenic
spaces of the large and small single-copy regions. Photosynthetic genes are maintained under purifying selection
with dN/dS values commensurate with those observed in lineages of autotrophic plants.

Conclusions. Krameria contains both the largest and the most intact plastid genomes reported to date from
parasitic angiosperms. Our results suggest that these plants are still reliant on photosynthesis as an important
part of their nutrient acquisition strategy and that plastid genomes of Krameria remain evolutionarily stable.
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Introduction

One of the most remarkable examples of convergent evolu-
tion is the repeated origin of heterotrophy in plants accompa-
nied by a suite of morphological, genomic, ecological, and life
history shifts, often referred to as the “parasite reduction syn-
drome” (Colwell 1994). Plants achieve heterotrophy by one of
two modes: parasitizing mycorrhizal fungi (mycoheterotrophy)
or forming direct vascular connectionswith the roots or stems of
other spermatophytes using a specialized organ called a hausto-
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rium. Both modes have evolved many times—there have been
more than 40 origins of mycoheterotrophy (Merckx 2013;
Jacquemyn and Merckx 2019) and 12 origins of direct parasit-
ism (Nickrent 2020; fig. 1)—in aggregate providing the statisti-
cal power to develop and test more generalized models for the
evolution of parasitic plants.
Among these models of evolution, recent interest (Shin and

Lee 2018; Su et al. 2019; Banerjee and Stefanović 2020) has fo-
cused on the parasitic plant plastid genome (plastome), which
contains many genes involved in key portions of the photosyn-
thetic apparatus in addition to so-called housekeeping genes re-
sponsible for the ongoing functionality of the plastome itself
(Wicke et al. 2011). A model developed by Wicke et al. (2016)
predicts relaxation of purifying selection followed by gene
pseudogenization and loss in five distinct consecutive categories
of plastid genes that are increasingly central to plastome function
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(Barrett and Davis 2012; Barrett et al. 2014; Wicke and Naumann
2018). Indeed, among the many lineages of parasitic plants stud-
ied, most show this relaxation of purifying selection and reduc-
tions in sequence length and gene content, even though those of
their closely related autotrophs are highly conserved (Graham
et al. 2017; Wicke and Naumann 2018).
Aside from those of two species of endoparasitic Rafflesiaceae

that are thought to have lost their plastomes entirely (Molina
et al. 2014; Cai et al. 2021), plastomes from all lineages of haus-
torial parasites have now been sequenced (fig. 1). As predicted
by the abovementioned models of plastome evolution in such
plants (Wicke et al. 2016; Graham et al. 2017), most of these
lineages exhibit some degree of reduction relative to their near-
est autotrophic relatives in terms of both size and sequence com-
position (fig. 1). The variability in these reductions can generally
be explained by the position of the respective lineages on the tro-
phic continuum: holoparasitic plants are expected to have more
reduced plastomes than hemiparasitic plants because of their di-
minished (or absent) reliance on the photosynthetic genes that
plastomes primarily encode. Among hemiparasitic plants, obli-
gate hemiparasites may be expected to show more conspicuous
plastome reduction than facultative hemiparasites, which use
parasitism as a supplementary means of nutrient acquisition
rather than as a principal strategy.
One lineage noticeably subverts this expectation (fig. 1). The

genus Krameria is a group of ca. 23 species of obligate root
hemiparasites found throughout hot, dry, or seasonally dry en-
vironments in North and South America (Simpson 1989; Nick-
rent 2020). Like several other parasitic lineages (Heide-Jorgensen
2008), Krameria species appear to establish only xylem connec-
tions with their hosts (Brokamp et al. 2012). The phylogenetic
position of this genus has historically been the matter of some
debate. Cronquist (1981) placed it as part of a monogeneric fam-
ily, Krameriaceae, in Polygalales (Rosidae). Recent phylogenetic
analyses based on nuclear and plastid data have confirmed the
monotypic nature of Krameriaceae but place it sister to the family
Zygophyllaceae, together comprising order Zygophyllales, po-
sitioned as sister to the rest of the fabids (Sheahan and Chase
1996; Soltis et al. 2000; Wang et al. 2009; Angiosperm Phylog-
eny Group et al. 2016). Despite the fact that Krameria individuals
cannot survive without their hosts (Simpson 1989), the two re-
ported plastomes from this genus, in the species K. bicolor S. Wat-
son (synonym, K. grayi Rose and J.H. Painter) and K. lanceolata
Torr., are substantially longer (ca. 172–173 kb) than those of their
nearest autotrophic relatives, Tribulus terrestris L. (ca. 158 kb;
Yan et al. 2019) andLarrea tridentata (DC.) Coville (ca. 136 kb;
Gonçalves et al. 2019), and appear to show no reduction in gene
composition. Although these plastid genomes were used for phy-
logenetic purposes, they have not yet been characterized in depth
in terms of structural makeup and sequence divergence, and several
key questions remain unanswered. Namely, are photosynthesis-
related protein-coding genes in Krameria under reduced purify-
ing selection compared with those of autotrophs? Why are the
sizes of Krameria plastomes larger when we would expect se-
quence length reduction? Are coding regions affected? If so, is
the increase in sequence size simply an unusual manifestation
Fig. 1 Summary of the 12 angiosperm lineages that have seen the independent evolution of parasitism. The smallest reported plastid genomes
are described for each lineage except for Rafflesiaceae, where the plastid genome is deemed absent. The largest known plastid genomes are also
described for lineages for which multiple plastomes have been published. References for each plastome are listed. Holoparasitic lineages are high-
lighted in orange, hemiparasitic lineages in green, and mixed lineages in blue. Phylogenetic relationships between the different lineages are shown on
the left and are taken from Angiosperm Phylogeny Group IV (Catalogue of Life Partnership 2017). A plus/minus sign indicates that estimates of the
number of species are based on Nickrent (2020). An asterisk indicates that plastomes forMitrastemon kanehirai (MF372930), Balanophora laxiflora
(KX784265), and Prosopanche americana (MT075717) have been submitted to GenBank but have not been verified by National Center of Biotech-
nology Information staff. A triangle indicates that research onRafflesia lagascae (Molina et al. 2014) and Sapria himalayana (Cai et al. 2021) shows that
the plastid genomemay be lost in Rafflesiaceae. hemp hemiparasitic; holp holoparasitic; mixpmixed lineages. References: apWicke et al. (2013);
bp Banerjee and Stefanović (2019); cpMcNeal et al. (2007); dp Schneider et al. (2018); ep S. Y. Shyu and J.M. Hu (unpublished work); fpChen
et al. (2020); gpYang andHe (2019); hpRoquet et al. (2016); ip Bellot and Renner (2015); jpGonçalves et al. (2019); kp Bellot et al. (2016); lp
Naumann et al. (2016); m p Jost et al. (2020); n p Wu et al. (2017); o p Liu et al. (2021).
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of the parasitic syndrome, with an incidental increase in genome
size instead of a reduction? To answer these questions, we com-
pared the gene content and selection of plastomes of three
Krameria species (one newly sequenced) with those of closely
related autotrophs in the Zygophyllaceae.

Methods

Taxon Sampling, DNA Extraction, and Sequencing

Total genomic DNA was isolated from silica-dried tissue of
Krameria erectaWilld. (collection: Stefanović SS-16-22, depos-
ited in the TRTE herbarium) using the modified cetyltrimethy-
lammonium bromide method (Doyle and Doyle 1987) and
was checked for quantity and quality using a NanoDrop
1000 Spectrophotometer (Thermo Fisher Scientific). This ex-
traction was sequenced on an Illumina HiSeq 2500 platform
(2#126-bp paired-end reads; Centre for Applied Genomics,
SickKids Hospital, Toronto, ON). Demultiplexing of raw reads
and the removal of indexing barcodes were performed by the
sequencing facility.

Plastome Assembly, Annotation,
and Computational Methods

Krameria erecta reads were trimmed using Sickle version 1.33
(Joshi and Fass 2011) with minimum read lengths set at 99 bp
and the threshold for quality set at a minimum Phred score of
27 at each site. A total of 52,328,346 reads were recovered after
the trim. Several separate assemblies were conducted de novo
using distinct subsamples of reads in both Geneious R10 (Bio-
matters, Auckland, New Zealand; produce scaffolds and don’t
merge variants boxes unchecked) and GetOrganelle version 1.7.5
( Jin et al. 2020; -R set to 15, -w to 110, -k to 65, 115 andTribulus
terrestris plastome used as the seed file). Initial annotation was
conducted in Geneious R10 and then refined and confirmed man-
ually using BLASTn (Altschul et al. 1990), BLASTx (Altschul et al.
1990), and tRNAscan-SE 2.0 (Lowe and Chan 2016) to confirm
rRNA gene sequences, establish open reading frames, and deter-
mine the boundaries of tRNA genes. Trimmed reads were mapped
back to whole plastomes assembled to confirm the boundaries of
annotated regions.

The annotated plastome ofK. erectawas aligned with those of
three other close relatives obtained fromGenBank (K. lanceolata,
K. bicolor, andT. terrestris; accessionsMK726016,MK726015,
and MN164624, respectively) using progressiveMauve (Darling
et al. 2010) to identify any structural differences. The Phobos
version 3.3.12 tandem repeat search tool (http://www.rub.de
/ecoevo/cm/cm_phobos.htm) was used to identify tandem re-
peats, with 2–7-bp motifs defined as short tandem repeats and
8–20-bp motifs defined as medium-length tandem repeats. Selec-
tion analyses were conducted for all 78 protein-coding genes in
the plastome. Gene sequences extracted from each of the three
Krameria species were aligned pairwise with the corresponding
genes of T. terrestris using MUSCLE (Madeira et al. 2019) in
the multiple sequence alignment package version 1.18 (Boden-
hofer et al. 2015) of R version 3.6.3 (R Core Team 2000). The
ratio of substitution rates (dN/dS) for each gene was generated
using the analysis of phylogenetic evolution package version 5.3
(Paradis et al. 2004; Popescu et al. 2012).
Results

A 177,797-bp-long closed plastid genome was assembled for
Krameria erecta in a single contig using GetOrganelle ver-
sion 1.7.5 (table 1). An identical plastome was generated in three
separate contigs using theGeneious R10 native de novo assembler,
and gaps were manually closed using bridging contigs from ad-
ditional assemblies. Since plastomes using both methods were
consistent with each another in all respects, the version pro-
duced by GetOrganelle is used hereafter and was submitted to
GenBank (accession no. OL889926).
The assembled plastome of K. erecta is ca. 6 kb longer than

the shortest Krameria plastome of K. lanceolata (table 1) and
ca. 20 kb longer than theTribulus terrestris plastome. However,
the total coding region sizes of all four plastid genomes are
within ca. 400 bp of each other (between 90.3 and 90.7 kb; ta-
ble 1). All three Krameria plastomes maintain the standard
quadripartite structure, with the size and composition of the
inverted repeat regions remaining consistent (table 1). There
are no structural differences or changes in synteny among the
three species (fig. 2) or in comparison with T. terrestris. Each
of the three Krameria plastomes retain the full complement of
protein-coding and rRNA genes (table 1). Krameria lanceolata
and K. bicolor also retain all plastome tRNA genes. The trnK-
UUU is present only in a fragmented, presumably nonfunctional
form inK. erecta, although the genematK, which encodes the in-
tron maturase and is usually present in the trnK-UUU intron, remains.
All plastid gene families with a bioenergetic function exhibit

low values for the ratio of substitution rates (dN/dS or q, calcu-
lated as the ratio of nonsynonymous substitutions per nonsy-
nonymous site to synonymous substitutions per synonymous
site for a given sequence) in all three Krameria species, except
for cemA, which shows a moderate q value of 0.52 (fig. 3).
The average value of q among the three plastomes is 0.23 for
Table 1

Plastid Genome Size and Structure Information for the Three Krameria Species Discussed in This Article and Tribulus terrestris
Species

GenBank
accession
Plastome size
(bp)
Genes
(protein/tRNA/rRNA)
GC
(%)
IR
(bp)
IR
(bp %)
Total coding
regions (bp)
Coding regions
(% of total)
K. bicolor
 MK726015
 172,606
 78/30/4
 33.6
 26,947
 15.61
 90,627
 53

K. lanceolata
 MK726016
 171,851
 78/30/4
 33.7
 26,852
 15.63
 90,690
 53

K. erectaa
 OL889926
 177,797
 78/29/4
 32.3
 26,919
 15.14
 90,261
 51

T. terrestris
 MN164624
 158,184
 78/30/4
 35.8
 25,842
 16.37
 90,627
 57
Note. IR p inverted repeat.
a Newly assembled.

http://www.rub.de/ecoevo/cm/cm_phobos.htm
http://www.rub.de/ecoevo/cm/cm_phobos.htm


Fig. 2 Annotated plastid genomes from the three Krameria species. The plastome for K. erecta was assembled as part of this project (indicated
by an asterisk), and those for K. lanceolata (MK726016) and K. bicolor (MK726015) were taken from GenBank. Labeling errors from the pre-
viously published plastomes have been corrected for trnK-UUU (which was mislabeled FNM##_pg002) and trnI-CAU (which was mislabeled
trnM-CAU). This figure was created using OGDRAW (Greiner et al. 2019), and the cladogram follows Simpson et al. (2004).
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Fig. 3 Bar charts showing the substitution ratio (dN/dS) values for all genes present in Krameria bicolor (red), K. erecta (green), and K.
lanceolata (blue). The outgroup used for the pairwise analyses was the photosynthetic Tribulus terrestris. Values below 1.0 indicate that the genes
are under purifying selection, values greater than 1.0 indicate that the genes are under positive/diversifying selection, and values of approximately 1.0
indicate that selection is neutral. The following genes have been omitted because their dN/dS values equal 0: psbE, psbF, psbI, psbJ, psbL, and psbN.
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atp, 0.13 for pet, 0.10 for psa, 0.12 for psb, 0.22 for ndh, 0.10
for rbcL, 0.35 for ccsA, 0.06 for ycf3, and 0.37 for ycf4. Mean-
while, the four families of housekeeping genes present low to
moderate q values: 0.33 on average for rpo, 0.52 for rpl, 0.53
for rps, and 0.47 for matK. The four plastome protein-coding
genes with nonbioenergetic functions exhibit higher q values:
0.72 for accD, 0.86 for clpP, 0.85 for ycf1, and 0.66 for ycf2.
A small number of ribosomal protein genes exhibit unusually
elevated q values: rpl2, rpl23, rps7, and rps15.

Krameria plastomes have elevated numbers of tandem repeat
sequences compared with those of T. terrestris. The plastid ge-
nome of T. terrestris contains 593 short tandem repeats (2–
7 bp) and 82 medium-length tandem repeats (8–20 bp) that in
total contribute 8,766bp of sequence length (fig. 4; detailed sum-
mary in table S1). Krameria lanceolata and K. bicolor have ac-
cumulated 819 and 832 short tandem repeats and 135 and
143 medium-length tandem repeats, respectively (fig. 4). This
contributes in total 12,948 and 14,404 bp to their respective
plastomes.Krameria erecta contains the greatest number of tan-
dem repeats: 1020 short and 262 of medium length, in total con-
tributing 20,169 bp (fig. 4; table S1). Tandem repeats detected in
the three Krameria species are concentrated in the noncoding
spaces of the two single-copy regions and are almost absent from
the inverted repeat regions (table S1).

Discussion

Both Krameria plastomes previously reported (Gonçalves
et al. 2019) and the K. erecta plastome assembled in this study
retain all the plastid genes present in their autotrophic relative
Tribulus terrestris, with the exception of trnK-UUU in K. erecta
(fig. 2). The second exon of the gene is present in a divergent
form, but the first exon cannot be identified, so it is presumed
that trnK-UUU is nonfunctional. The trnK-UUU is oftenmissing
in parasitic plastomes (Graham et al. 2017; Li et al. 2017; Ba-
nerjee and Stefanović 2019, 2020) and almost always leaves be-
hind a functional copy of matK (Hausner et al. 2006; Graham
et al. 2017), which is usually encoded by its intron (i.e., matK
is usually present within the trnK-UUU intron). This is the case
for K. erecta as well. Outside parasitic lineages, trnK-UUU is
generally conserved across seed plants, although it is absent in
chlorophyte algae, monilophyte ferns (Kwon et al. 2020), and
certain lycophytes (Pereira et al. 2021). This is the only instance
of the gene content ofKrameria plastomes diverging from that of
their autotrophic neighbors. Such holistic retention of plastome
genes is unprecedented amongparasitic angiosperms (fig. 1). Pre-
viously, the most intact plastome reported was the ca. 161-kb
molecule from the obligate hemiparasite Schwalbea americana
(Wicke et al. 2013), which has five genes pseudogenized, includ-
ing four ndh genes with a photosynthetic function.
It has been observed that the intensity of selection, in both

positive and purifying directions, tends to be elevated in hetero-
trophic plastomes (Barrett et al. 2019). However, it appears that
Krameria plastomes are exceptions to this trend. The ratios of
substitution rates shown in figure 3 are consistent with trends
reported in other lineages of photosynthetic plants: gene families
with a photosynthetic function (atp, ndh, pet, psa, psb, rbcL,
ccsA, ycf3, and ycf4 in fig. 3) have lower dN/dS values, indicat-
ing stronger purifying selection, while housekeeping genes (rpo,
rpl, and rps) and genes with other nonbioenergetic functions
(accD, clpP, ycf1, and ycf2) tend to exhibit weaker degrees of
purifying selection (Guisinger et al. 2010; Wicke et al. 2011;
Li et al. 2013; Barnard-Kubow et al. 2014; Logacheva et al.
2016; Barrett et al. 2019).
Within this broad narrative, there are a few outliers (fig. 3).

Alone among photosynthetic genes, atpF and cemA exhibit q
values that exceed 0.5, atpF with 42 variable sites of 555
(7.6%) and an average q value of 0.80 and cemA with 76 vari-
able sites of 690 (11.0%) and an average q value of 0.52. The
atpF gene is one of three atp genes involved in encoding the F0
domain of the plastid ATP synthase (Wicke et al. 2011), which
is involved in proton translocation across the thylakoid mem-
brane but is interestingly the most commonly lost atp gene from
the plastid genome (Mohanta et al. 2020). The gene cemA en-
codes a protein localized in the inner envelope membrane that
is thought to assist with CO2 uptake (Wicke et al. 2011) but
has been shown not to be essential for photosynthetic reactions
(Rolland et al. 1997). Consequently, it has been lost repeatedly
in heterotrophic and parasitic lineages (Wolfe et al. 1992;Wicke
et al. 2013; Banerjee and Stefanović 2019; Do et al. 2020; Li
et al. 2021b) as well as in some autotrophic plants (Do et al.
2020). Four ribosomal protein genes with a housekeeping func-
tion also exhibit unusually elevated q values: rpl2 (3.5% vari-
able sites, average q of 1.35), rpl22 (10.6% variable sites, aver-
age q of 0.93), rps7 (1.1% variable sites, average q of 1.80), and
rps15 (12.5% variable sites, average q of 0.99). Although ribo-
somal protein genes are generally maintained in plastomes, some
are often found under positive selection (Wicke et al. 2014; Li
et al. 2021a; Zeb et al. 2022) or lost entirely (Ni et al. 2016) in pho-
tosynthetic plants and certainly in heterotrophic plants (Wicke
Fig. 4 Comparison of short tandem repeats (STRs; 2–7 bp; blue
bar) and medium-length tandem repeats (MTRs; 8–20 bp; pink bar) in
three Krameria species and Tribulus terrestris.
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et al. 2013; Samigullin et al. 2016; Graham et al. 2017; Banerjee
and Stefanović 2019).
On the other hand, the ndh family of genes, which are primar-

ily responsible for mitigating the effects of photooxidative stress,
all appear to remain under strong purifying selection in Kra-
meria plastomes (fig. 3). This is unexpected given that ndh genes
are usually the first family of genes to be lost after the transition
from autotrophy to heterotrophy (Wicke et al. 2011; Barrett and
Davis 2012; Graham et al. 2017) or even before. Several autotro-
phic orchids (Kim et al. 2015; Lin et al. 2017), carnivorous
plants (Silva et al. 2016, 2018; Nevill et al. 2019), aquatic plants
(Peredo et al. 2013; Folk et al. 2020), cacti (Sanderson et al.
2015; Köhler et al. 2020), and other lineages (Ruhlman et al.
2015; Sabater 2021) have been found to have lost some or all
ndh genes as well. The persistence of ndh genes, along with the
presence of almost all other photosynthetic plastome genes un-
der apparent strong purifying selection, implies that photosyn-
thesis still plays an important role in the biology ofKrameria spe-
cies, perhaps because it allows continued productivity after hosts
go dormant in the summer (Simpson 1989).
The increase in plastid genome size in the genus can be attrib-

uted to the accumulation of sequence length in intergenic re-
gions. Expanded noncoding regions also account for the differ-
ences in length between the longer K. erecta plastome and the
shorter K. lanceolata and K. bicolor plastomes. Coding regions
make up only 51% of the total plastome size of K. erecta, com-
paredwith 53% for the other two species (and 57% for themuch
smallerT. terrestris).Accretionof tandemrepeats appears to com-
pletely explain the intrageneric differences in plastome length
and for a large part the bloat relative to T. terrestris (fig. 4;
results provided in full in table S1). Krameria lanceolata has
the shortest of the three Krameria plastid genomes at 171.9 kb,
6 kb smaller than those of K. erecta, at 177.8 kb. This disparity
appears to be associated with the difference in sequence length
contributed by short- and medium-length tandem repeats: 12.9 kb
for K. lanceolata and 20.2 kb for K. erecta, a difference of
7.2 kb. Krameria bicolor, with an intermediate plastome size
of 172.6 kb, has a commensurately intermediate sequence length
contribution because of tandem repeats: 14.4 kb, 5.8 kb less than
that of K. erecta. Krameria erecta has a plastome 19.6 kb larger
than that of T. terrestris (plastome size, 158.2 kb) and has
accumulated 11.4 kb more in tandem repeat sequence length.
As has been observed for other large plastomes, these repeat re-
gions are AT rich (Massouh et al. 2016; Li et al. 2019) and have
resulted in the depression of GC% values ofKrameria plastomes
(tables 1, S1).
Accumulation of tandem repeats has been associated before

with drastically increased plastome size (Guo et al. 2021) and
has been implicated in accelerated plastome evolution leading
to greater intraspecific variation (Massouh et al. 2016; Li et al.
2019). In addition, high tandem repeat content has been found
to have a strong positive correlation with extensive plastome
rearrangements in Medicago (Wu et al. 2021). However, there
are several large plastid genomes in the rosids whose increased
sizes do not coincide with the sequence length contributed by
tandem repeats (table S2). For example, the largest published
rosid plastome, that of Vitis romanetti (Xu and Xu 2021), is
232,020 bp long but contains only 804 short tandem repeats
and 75 medium-length tandem repeats, which, in total, contrib-
ute 11,374 bp in sequence length (table S2). Instead, the relatively
massive size of theV. romanetti plastome is almost entirely due
to an increase in the size of the inverted repeat region and, con-
sequently, several genes that are usually single copy being pres-
ent twice (Xu and Xu 2021). In Krameria, there is an elevated
accretion of repeats (fig. 4; table S2), but no rearrangements
are apparent, and we do not have sampling to explore intraspe-
cific variations at this point. Some tandem repeats are common
to all three Krameria plastomes but absent in the Zygophyl-
laceae outgroup species (e.g., the pentanucleotide AAAAG
repeat followed by the nine-nucleotide AATAGATAT repeat
downstream of atpH and upstream of atpF or the pentanucleo-
tide AAAAG repeat followed by the hexanucleotide AATAGT
repeat downstream of rpoC2 and upstream of rps2), while many
others appear to be tip specific. Further research of the plastid
genomics of this genus is needed to encompass additional species
and to investigate whether there is a phylogenetic signal in the
accumulation of these repeats, as well as to sample multiple in-
dividuals/populations from those species to explore intraspecific
variation.

Plastomes of other autotrophs in the Zygophyllales are
shorter than those of bothKrameria andTribulus. Notably, that
of Larrea tridentata is 135,988 bp in length, largely because the
pseudogenization and truncation of the nonbioenergetic ycf2
gene (Gonçalves et al. 2019) cause significantly smaller inverted
repeat regions (19.4 kb vs. 25.8 kb). Plastid genomes of other
rosids range from potentially absent altogether (Rafflesia [Mo-
lina et al. 2014] and Sapria [Cai et al. 2021] in Rafflesiaceae,
Malpighiales, Fabidae) to the abovementioned 232,020-bp-long
example inV. romanetti (Vitaceae, Vitales, Rosidae; Xu and Xu
2021). The average rosid plastome is between 155 and 165 kb
long, but several longer examples can be found (table S2), in-
cluding within the fabids (Wang et al. 2017; Zhang et al.
2020; Lee et al. 2021). Given that Krameriaceae and Zygophyl-
laceae are the only families in Zygophyllales (which is sister to
the rest of Fabidae), it is difficult to determine whether the larger
plastome in Krameria is ancestral or derived. Thus, the plastome
lengths ofKrameria appear to be unremarkable for a rosid genus.

When it comes to tandem repeat accumulation, Krameria
shares similarities with closely related taxa as well. Table S2 lists
the numbers of short- andmedium-length tandem repeats (along
with total sequence length contributions) for a selection of rosid
species.Krameria lanceolata andK. bicolorhave repeat numbers
akin to those of some species of Fabales andMalpighiales, orders
that are part of the group sister to Zygophyllales, and those of
K. erecta are slightly further elevated. On the other hand, some
groups in Rosidae show tandem repeat accumulations similar
to those of T. terrestris and L. tridentata (table S2). The order
Rosales, also part of the group sister to Zygophyllales, contains
plastomes with lower numbers of tandem repeat regions, similar
to Zygophyllaceae. Altogether, thismakes it difficult to conclude
which is the ancestral state—the many tandem repeats of Kra-
meria or the fewer tandem repeats of Tribulus and Larrea.

To sum up, Krameria plastid genomes, in structure at least,
seem quite unremarkable, especially in the context of its taxo-
nomic position. However, this finding itself appears quite re-
markable given that this is a genus of obligate parasites that can-
not survive without their hosts (Simpson 1989) and given the
reductions in size and sequence composition observed in all
other lineages of parasitic angiosperms (fig. 1). In particular,
the continued retention of all ndh genes serves to underline the



BANERJEE ET AL.—KRAMERIA PLASTID GENOMES 401
unique nature of Krameria. As far as is currently known, Kra-
meria is the only lineage of parasitic plants to retain their full
complement of ndh genes as open reading frames. Their plas-
tomes also maintain every other gene that their autotrophic
neighbors do, and in some instances, they are even more com-
plete in terms of coding content (e.g., in comparison with L.
tridentata).

Unlike those of every other parasitic plant lineage, Krameria
plastomes do not appear to have been impacted by the genomic
effects of the parasitic reduction syndrome (Colwell 1994). This
may be because of the hot and arid environments in which they
grow,where their hosts seasonally go dormant; hence, they often
must continue to sustain themselves longer than other hetero-
trophs tend to have to (Simpson 1989). It is also probable that
because Krameria species establish haustorial connections solely
for the acquisition of water and dissolved nutrients (Brokamp et al.
2012), they therefore still require the full complement of photo-
synthetic genes in order to produce their own photosynthates.
Despite its low extant species diversity, Krameria is thought to
represent a relatively old lineage (stem age of 34–90 Myr; Magal-
lón et al. 2015), and therefore it cannot be concluded that plas-
tomes in this group are unaffected simply because they are in an
“early” stage of reduction. Our results thus suggest that Krameria
plastomes are evolutionarily stable and continue to be central to
the functioning and survival of these plants.
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