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e Background and Aims Species of Cactaceae are well adapted to arid habitats. Determinate growth of the primary
root, which involves early and complete root apical meristem (RAM) exhaustion and differentiation of cells at the root
tip, has been reported for some Cactoideae species as aroot adaptation to aridity. In this study, the primary root growth
patterns of Cactaceae taxa from diverse habitats are classified as being determinate or indeterminate, and the molecu-
lar mechanisms underlying RAM maintenance in Cactaceae are explored. Genes that were induced in the primary
root of Stenocereus gummosus before RAM exhaustion are identified.

e Methods Primary root growth was analysed in Cactaceae seedlings cultivated in vertically oriented Petri dishes.
Differentially expressed transcripts were identified after reverse northern blots of clones from a suppression subtrac-
tive hybridization cDNA library.

e Key Results All species analysed from six tribes of the Cactoideae subfamily that inhabit arid and semi-arid regions
exhibited determinate primary root growth. However, species from the Hylocereeae tribe, which inhabit mesic
regions, exhibited mostly indeterminate primary root growth. Preliminary results suggest that seedlings of
members of the Opuntioideae subfamily have mostly determinate primary root growth, whereas those of the
Maihuenioideae and Pereskioideae subfamilies have mostly indeterminate primary root growth. Seven selected tran-
scripts encoding homologues of heat stress transcription factor B4, histone deacetylase, fibrillarin, phosphoethanol-
amine methyltransferase, cytochrome P450 and gibberellin-regulated protein were upregulated in S. gummosus root
tips during the initial growth phase.

e Conclusions Primary root growth in Cactoideae species matches theirenvironment. The dataimply that determinate
growth of the primary root became fixed after separation of the Cactiodeae/Opuntioideae and Maihuenioideae/
Pereskioideae lineages, and that the genetic regulation of RAM maintenance and its loss in Cactaceae is orchestrated
by genes involved in the regulation of gene expression, signalling, and redox and hormonal responses.

Key words: Root development, determinate growth of primary root, Cactaceae, Cactoideae, Opuntioideae,
Maihuenioideae, Pereskioideae, adaptation to aridity, differential gene expression.

INTRODUCTION 1997a). Whereas the determinate growth of lateral and adventi-
tious roots has been described for several taxa (Boke, 1979;

The Cactaceae family constitutes a large group of highly specia-  Varney and McCully, 1991; Shishkova et al., 2008), that of the

lized species well adapted to arid habitats. A number of adapta-
tions of the shoot (Britton and Rose, 1919; Mauseth, 1999, 2006)
and root (Dubrovsky and North, 2002; Dubrovsky and
Shishkova, 2013) system enable many Cactaceae to survive
and flourish in water-limited environments. As the plant shoot
is easier to study than the root, our understanding of shoot adap-
tations of Cactaceae to aridity is more advanced than that of root
adaptations. However, the shallow root systems of Cactaceae are
known to enable the rapid uptake of scarce precipitation.
Furthermore, lateral root primordia have been reported to initiate
and develop on the roots of Ferocactus acanthodes and Opuntia
ficus-indica during drought, but only to emerge following rain-
fall (North et al., 1993; Dubrovsky et al., 1998b). Another adap-
tation is determinate growth of the primary root (Dubrovsky,

primary root, observed soon after germination, represents a
unique phenomenon in angiosperms, as the primary root is
capable of indeterminate growth for extended periods in most
species. The differentiating epidermal cells form root hairs that
cover the entire root tip, and these serve as a hallmark of deter-
minate root growth. Previously, we described determinate
primary root growth in some Sonoran Desert Cactaceae.
The primary root of Stenocereus gummosus, S. thurberi,
S. pruinosus, S. standlei and Fecocactus peninsulae grows for
only 2-3 d (Dubrovsky, 1997a, b, 1999), whereas that of
Pachycereus pringlei grows for 8—10 d (Dubrovsky and
Gomez-Lomeli, 2003). During this time, only a few cell division
cycles occur in the root apical meristem (RAM). Thereafter, the
RAM is exhausted and all cells at the root tip differentiate
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(Dubrovsky et al., 1998a). No post-embryonic quiescent centre
(QC) was established in S. gummosus, and limited QC activity
was observed in P. pringlei (Rodriguez- Rodriguez et al.,
2003). These observations link RAM organization and activity
with determinate growth of the primary root in the studied
Cactaceae. Furthermore, we have shown that programmed cell
death is not involved in RAM exhaustion (Shishkova and
Dubrovsky, 2005).

Meristem exhaustion induces the initiation of lateral roots,
which in S. gummosus, S. thurberi and F. peninsulae start to
emerge 3-5 after germination. Such rapid formation of a
compact root system provides seedlings with a selective advan-
tage under desert conditions (Dubrovsky 1997a, b). Roots regen-
erated from S. gummosus and F. peninsulae calli also exhibit
determinate growth, suggesting that this developmental pro-
gramme is maintained in different root types of Cactaceae
(Shishkova et al., 2007).

The Cactaceae family includes approx. 1500—1800 species
(Anderson, 2001; Hunt er al., 2006) of perennial succulent
plants widely distributed in North and South America, with
only one species, Rhipsalis baccifera, occurring in the Asian
and African tropics (Barthlott, 1983). Since the 19th century,
three subfamilies of Cactaceae, i.e. Cactoideae, Opuntioideae
and Pereskioideae, were widely recognized (Anderson, 2001).
However, the International Cactaceae Systematics Group cur-
rently recognizes four subfamilies, namely Cactoideae,
Opuntioideae, Maihuenioideae and Pereskioideae (Hunt et al.,
2006). All Cactaceae have specialized short shoots, or areoles,
which produce spines; the areoles of Opuntioideae, in addition
to, or instead of, spines, develop short hair-like prickles named
glochids (Hunt and Taylor, 2002).

Cactoideae and Opuntioideae are stem succulents with a
photosynthetic stem cortex. Cactoideae, the largest Cactaceae
subfamily, are divided into seven tribes and around 110 genera
with major species diversity (Hunt et al., 2006). Cactoideae
can be found from Canada to Southern Patagonia in distinct habi-
tats ranging from arid and semi-arid regions to tropical rainfor-
ests (Anderson, 2001). All Cactoideae are leafless and perform
crassulacean acid metabolism (CAM) photosynthesis only in a
succulent stem (Nobel and Hartsock, 1986).

The Opuntioideae subfamily consists of 15-18 genera
belonging to five tribes (Majure ef al., 2012) and inhabits arid,
semi-arid and mesic environments from Canada to almost the
southern tip of South America. Some Opuntioideae species
have prominent leaves, which are responsible for the majority
of CO, uptake by daytime C; photosynthesis (Nobel and
Hartsock, 1986), while the leaves of most species are small and
ephemeral. The stems and leaves of Opuntioideae can also
perform CAM photosynthesis as the plant matures or in response
to environmental changes (Nobel and Hartsock, 1986).

The Maihuenia genus, which has only two species and was ori-
ginally classified as a member of the subfamily Pereskioideae,
was placed in a separate subfamily, Maihuenioideae, based on
its morphology and molecular phylogenetic data (Wallace,
1995a, b; Edwards et al., 2005; Hunt et al., 2006; Metzing and
Kiesling, 2008). Maihuenia species, which are restricted to
cool arid and semi-arid regions of Argentina and Chile, are cae-
spitose shrubs with short succulent stems, small persistent terete
leaves and fleshy taproots (Leuenberger, 1997; Anderson, 2001;
Nyffeler et al., 2008). Their primary photosynthetic type is Cs,
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but limited CAM cycling is thought to exist in both the leaves
and stems (Nobel and Hartsock, 1986; Mauseth, 1999;
Nyffeler et al., 2008).

In contrast to members of the Opuntioideae, Cactoideae and
Maihuenioideae subfamilies, those of Pereskioideae grow in
relatively mesic habitats, and are not able to store large
amounts of water in the stem, leaf and/or root tissues
(Mauseth, 1999). This subfamily contains only one paraphyletic
genus Pereskia, which includes 17 species (Butterworth and
Wallace, 2005). Although photosynthetic studies have mostly
been carried out on greenhouse-grown plants, Pereskia species
are thought to perform primarily C; photosynthesis in the
broad persistent leaves, but also to possess weak CAM-cycling
abilities to reassimilate respired CO, (Rayder and Ting, 1981;
Nobel and Hartsock, 1986; Edwards and Diaz, 2006). Edwards
and Donoghue (2006) have also reported evidence for inducible
full CAM photosynthesis in species from both paraphyletic
Pereskia clades from North and South America. It is widely
accepted that Pereskia members possess primitive or ancestral
features of the Cactaceae family (Leuenberger, 1986;
Anderson, 2001).

Here, we surveyed the incidence of determinate growth of the
primary root in species from the four Cactaceae subfamilies, with
an emphasis on the Cactoideae subfamily. To obtain insight into
the molecular mechanisms involved in RAM exhaustion in
Cactaceae, we also identified some Cactaceae genes induced
early in primary root development and repressed upon RAM ex-
haustion. We report that all members of six tribes of the largest
Cactoideae subfamily (i.e. Cacteae, Cereeae, Trichocereeae,
Notocacteae, Pachycereeae and Rhipsalideae) analysed in this
study exhibit determinate growth of the primary root, while it
was not an obligate characteristic for the two species of the
seventh tribe, Hylocereeae. This finding suggests that, within
this subfamily, the type of primary root growth depends on the
degree of water deficit experienced by the seedlings. Our prelim-
inary results for species from another three subfamilies,
Opuntioideae, Pereskioideae and Maihuenioideae, show that, al-
though the primary root growth pattern is more variable in
species of these subfamilies, seedlings of Opuntioideae exhibit
mostly determinate growth of the primary root, while those of
Pereskioideae and Maihuenioideae exhibit mostly indeterminate
growth of the primary root. Our data suggest that determinate
growth of the primary root evolved after separation of the
Cactoideae and Opuntioideae lineages from those of the
Pereskioideae and Maihuenioideae.

MATERIALS AND METHODS
Plant materials, growth conditions and microscopy

Twenty-five species of Cactoideae (Table 1), one species of
Maihuenioideae, three species of Pereskioideae and six species
of Opuntioideae were examined in this study (Table 2). For
most species, seeds were bulked from plants in natural popula-
tions and, for a few species, from cultivated plants
(Supplementary Data Table S1). Details of the material studied
and voucher specimens are included in Tables 1 and 2, and
Supplementary Data Table S1. Seeds of Cactoideae,
Maihuenioideaec and Pereskioideae were pre-sterilized for
10 min in 70 % ethanol, sterilized for 25 or 40 min in 60 %
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TaBLE 1. Primary root growth pattern and habitat of the Cactoideae species studied

Tribe Species Root growth pattern Habitat
Cacteae Aztekium ritteri (Boed.) Boed.'* D A/SA
Mammillaria carnea Zucc. ex Pfeiff."* D SA
Stenocactus multicostatus (Hildm.) A. Berger ex A.W. Hil'* D SA
S. crispatus (DC.) A. Berger ex A.W. Hill'** D SA
Ferocactus latispinus (Haw.) Britton and Rose'? D SA
F. peninsulae (F.A.C. Weber) Britton and Rose™”’ D A/SA
Cereeae Cereus aethiops Haw.>® D SA
C. haenkeanus F.A.C. Weber ex K. Schum."? D SA
Melocactus matanzanus Leén™ D SA
Trichocereeae Acanthocalycium spiniflorum (K. Schum.) Backeb.*¢ D SA
Cleistocactus smaragdiflorus (F.A.C. Weber) Britton™® D SA
Denmoza rhodacantha (Salm-Dyck) Britton and Rose'* D SA
Gymnocalycium gibbosum (Haw.) Pfeiff. ex Mittler' > D SA
Echinopsis leucantha (Gillies ex Salm-Dyck) Walp.*© D SA
Lobivia formosa (Pfeiff.) Dodds' D SA
Trichocereus angelesiae R. Kiesling'* D SA
T. candicans (K. Schum.) Britton & Rose'* D SA
Notocacteae Pyrrhocactus bulbocalyx (Werderm.) Backeb.'*¢ D SA
P. catamarcensis (Speg.) F. Ritter*® D A
Parodia ayopayana Cardenas'* D SA
P. submammulosa (Lem.) R. Kiesling‘l’6 D SA
Notocactus haselbergii A. Berger' D SA
Pachyceeae Carnegiea gigantea (Engelm.) Britton and Rose'? D A
Echinocereus cinerascens Lem. D SA
E. grusonii Von Zeisold"* D SA
Lemaireocereus hollianus (F.A.C. Weber) Britton and Rose' D SA
Pachycereus pringlei (S. Watson) Britton and Rose™” D A
P. schottii (Engelm.) Hunt'* D A
Stenocereus gummosus (Engelm.) A. Gibson and K.E. Horak.>’ D A
S. pruinosus (Otto ex Pfeiff.) Buxb.>® D A/SA
S. thurberi, (Engelm.) Buxb.*® D A
S. standleyi (J. G. Ortega) Buxb.>® D A/SA
Hylocereae Epiphyllum phyllanthus (L.) Haw.'* I M
Hylocereus sp.” /D M
Rhipsalideae Rhipsalis cruciformis (Vell.) A. Cast."* D M*
R. baccifera (J.S. Muell.) Stearn' D M
R. floccosa Salm-Dyck ex Pfeiff.'* D M#*
R. lumbricoides (Lem.) Lem. ex Salm-Dyck*>® D M
Pfeiffera ianthothele (Monv.) E.A.C. Weber' D M*

I, indeterminate primary root growth; D, determinate primary root growth. A, arid; SA, semi-arid; M, mesic; M*, obligate epiphyte from mesic habitat.

! Species analysed in this study. > Fewer than 10 seedlings examined. * From ten to 29 seedlings examined. * From 30 to 100 seedlings examined. > Hundreds to
thousands of seedlings examined. ® Species germinated in Petri dishes on filter paper (M. L. Las Pefias, unpubl. res.). ” Dubrovsky (19975). ® Dubrovsky (1999).
° Dubrovsky and Gomez-Lomeli (2003).

TABLE 2. Primary root growth pattern and habitat of species from three Cactaceae subfamilies (preliminary data)

Subfamily Species Root growth pattern Habitat
Opuntioideae Opuntia puberula Pfeiff. D/l SA
O. streptacantha Lem. D/1 SA
0. xoconostle syn. O. matudae Scheinvar D/1 SA
0. tehuacana S.Arias & U.Guzman D/ SA
Maihueniopsis darwinii (Hensl.) F. Ritter D/1 A
M. boliviana (Salm-Dyck) R. Kiesling D/1 A
Maihuenioideae Maihuenia patagonica (Phil.) Britton & Rose 1/(D?) A
Pereskioideae Pereskia aculeata Mill. 1 M
P. bahiensis Giirke 1 M
P. grandifolia Haw. I M

I, indeterminate primary root growth; D, determinate primary root growth. A, arid; SA, semi-arid; M, mesic.

commercial bleach supplemented with -08 % Triton X-100 and  treatment with concentrated sulfuric acid for 90 min. Sterilized
washed four times for 10 min each in sterile distilled water. For ~seeds were germinated in Petri dishes containing -2x LS
the Opuntioideae, seeds were subjected to an additional initial (Linsmaier and Skoog) medium [contains salts formulated by
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Murashige and Skoog and vitamins formulated by Linsmaier and
Skoog (1965); Phyto Technology Laboratories, Lenexa, KS,
USA] buffered to pH 5-7 and solidified with -8 % bacto-agar
(BD DIFCO, Franklin Lakes, NJ, USA). Plants were cultivated
in vertically oriented Petri dishes maintained at 28 °C, with a
12 h light/dark photoperiod, and 80 pmol m~ 2 s~ light inten-
sity. Root growth along the medium surface was recorded.
Roots that either were submerged in the medium or had a root
tip that did not make contact with the medium surface were dis-
regarded. Petri dishes with seedlings were scanned using an
Epson Perfection 4490 scanner with 1200 ppi resolution or
photodocumented using either a Leica V-Lux1 digital camera
or a stereoscope Olympus S2X7 (Olympus, Tokyo, Japan)
equipped with an Infinity 1 digital camera. Roots were cleared
using the method of Malamy and Benfey (1997), with minor
modifications (Dubrovsky et al., 2006), and observed and photo-
graphed under an Axiovert 200M microscope (Zeiss,
Oberkochen, Germany) equipped with Nomarski optics.

Phylogenetic tree

A phylogenetic tree was constructed using the sequence data
available in GenBank for the trnL-trnF, trnK-matK and rpll6
regions (Hernandez-Hernandez et al., 2011). CLC Genomics
Workbench 5-5 was used for alignments, joining alignments,
and tree construction and manipulation. The sequences were
aligned individually for each locus, the free ends were removed
and the alignments were joined into a single matrix. A
maximum likelihood (ML) phylogenetic tree (Felsenstein,
1981) was constructed using the Maximum Likelihood
Phylogeny tool, Jukes—Cantor substitution model and the
Neighbor—Joining algorithm (Saitou and Nei, 1987). The root
was set above the Pereskia aculeata node.

Preparation and analysis of a subtracted cDNA library

Tips (1 mm) of the S. gummosus primary root were cut with a
razor blade, collected in liquid nitrogen and stored at —75 °C.
The first sample contained approx. 2000 primary root tips in
the initial phase of development, when the RAM was still
present. The second sample contained approx. 3000 primary
root tips in the terminal growth phase, when the RAM was
already exhausted. Total RNA and poly(A)"™ mRNA were
extracted from both samples using TRIzol reagent (Invitrogen)
and the ‘Dynabeads® mRNA Purification Kit’ (Dynal-
Invitrogen), respectively. Both extractions were performed
according to the manufacturer’s instructions. All steps of the sup-
pression subtractive hybridization (SSH) were performed
according to the instructions in the PCR-Select cDNA
Subtraction Kit manual (Clontech). Forward subtraction was
performed using initial phase cDNA as a tester and terminal
phase cDNA as a driver; reverse subtraction was performed
using terminal phase cDNA as a tester and initial phase cDNA
as a driver. Secondary PCR products were cloned into the
pGEM-T Easy Vector (Promega, Madison, WI, USA).
Differentially expressed cDNA clones induced during the
initial stage of primary root development were selected using
the Differential Screening Kit (Clontech) according to the
manufacturer’s instructions, with a minor modification: di-
goxigenin (DIG)-labelled probes were used instead of
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[a->*P]dCTP-labelled probes. DIG labelling and detection
were performed using a PCR DIG Probe Synthesis Kit and
DIG Nucleic Acid Detection Kit (Roche), respectively, accord-
ing to the manufacturer’s instructions. Pixel density of clones
hybridized with forward and reverse subtraction libraries were
measured with ImageJ (National Institutes of Health; http:/
rsbweb.nih.gov/ij/). Selected clones that showed the highest dif-
ferential expression were sequenced, annotated by BLASTX and
BLASTP (http:/www.ncbi.nlm.nih.gov/) using the Ref-Seq
protein database and deposited in GenBank under accession
numbers KC415065-KC415071.

Quantitative RT—PCR analysis

Stenocereus gummosus root tips in the initial or terminal
growth phases were collected and total RNA was isolated as
described above. Quantitative (real-time) reverse transcrip-
tion—PCR (RT-PCR) was performed in an iQ5 Multicolor
Real-time PCR Detection System (Bio-Rad; Hercules, CA,
USA). Reactions were set up using a one-step RT-PCR Kit
with SYBR® Green (Bio-Rad) according to the manufacturer’s
instructions; 100 ng of DNase-treated RNA was used for each re-
action, except for the negative control. Stenocereus gummosus
homologues of the arabidopsis genes At4G24550 (clathrin
adaptor complex subunit) and At5G65050 (MADS-box protein
AGL31), described as stably expressed genes in Czechowski
etal. (2005), were used for transcript normalization. The relative
expression values normalized with two reference genes were
calculated according to Vandesompele ef al. (2002). Primers
used and some methodological details are described in
Supplementary Data Table S2.

RESULTS

Determinate growth of the primary root occurred in all studied
members of six Cactoideae tribes

The type of primary root growth was analysed in 25 species belong-
ing to the seven tribes of Cactoideae. Five species from the Cacteae
tribe, Aztekium ritteri, Ferocactus latispinus, Mammillaria
carnea, Stenocactus crispatus and S. multicostatus, all exhibited
determinate primary root growth (Table 1). In different Cacteae
species, the primary root growth lasted from 1 to 2 d or from 3
to 5 d. For example, the very short primary root of most
S. crispatus seedlings stopped growing within the first day post-
germination (dpg) and in some seedlings by 2 dpg. By this time,
all primary root cells had differentiated and the root tip was
covered in long root hairs (Fig. 1A). A seedling of S. crispatus
at 1 dpg is shown in Fig. 1A. This specimen was viewed from
the bottom of the Petri dish, as its very short primary root was
hidden by abundant long root hairs when photographed from
above. For approx. 2 weeks, no new roots developed and only
the shoot grew (Fig. 1B). Later, lateral roots started to develop,
but they also remained extremely short in most S. crispatus
plants during the first few months of growth (Fig. 1C). On the
other hand, a few S. crispatus seedlings had longer primary
and lateral roots (Supplementary Data Fig. S1A).

In the Cereus haenkeanus and Melocactus matanzanus species
of the Cereeae tribe, primary root growth continued for 2—4 d. The
primary roots of M. matanzanus seedlings grew for 1-2 d and
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Fi1G6. 1. Determinate primary root growth in seedlings of the Cactoideae subfamily. (A—C) Stenocactus crispatus, Cacteae tribe; (D, E) Melocactus matanzanus,
Cereeae tribe, (F, G) Trichocereus candicans, Trichocereeae tribe; (H, I) Parodia ayopayana, Notocacteae tribe; (J—M) two types of seedlings of Pachycereus schottii,
Pachycereeae tribe: a seedling of the first type (J, K) exhibited a longer primary root and of the second type (L, M) had a very short primary root; (N-R) Rhipsalis
Sfloccosa, Rhipsalideae tribe. (A, F, H, L) Primary root growth of S. crispatus, T. candicans, P. ayopayana and the second type of P. schottii seedlings, respectively,
was terminated by 1 dpg. (B, G, I, M) The shoot of S. crispatus, T. candicans, P. ayopayana and the second type of P. schottii seedling, respectively, continued to
develop after primary root growth ceased. (C) The same S. crispatus plant as in (A) and (B) developed a couple of short lateral roots with determinate growth by
the age of 2 months. (D, J) The growing primary root of M. matanzanus at 2 dpg and of the first type of P. schottii seedling at 1 dpg. (E, K) Primary root growth of
M. matanzanus and of the first type of P. schottii seedlings stopped by 3 dpg. (N, O) The primary root of the Rhipsalis floccosa seedling essentially did not
develop; the same seedling is shown. (P—R) The first and second very short lateral roots developed by 5 and 9 dpg, respectively, and both exhibited a determinate
growth pattern. Scale bars = 1 mm.

the root tip was not covered in root hairs (Fig. 1D). Primary root
growth stopped by 3 dpg or sometimes 4 dpg (Fig. 1E). After
RAM exhaustion, the primary root was covered in long root
hairs and its final length varied from 2 to 5 mm in different seed-
lings (Fig. 1E; Supplementary Data Fig. S1B). In M. matanzanus
seedlings, the first lateral root emerged within about a week after
RAM exhaustion, on either a distal, median or proximal part of
the primary root (Supplementary Data Fig. S1C).

In all five species analysed from the Trichocereeae tribe (i.e.
Denmoza rhodacantha, Gymnocalycium gibbosum, Lobivia

formosa, Trichocereus angelesiae and T. candicans), the time
to RAM exhaustion was very short and the primary root
stopped growing by 1 dpg or sometimes 2 dpg, reaching a
length of 1-4 mm. A seedling of T. candicans with long hairs
covering the whole primary root is shown at 1 and 2 dpg
(Fig. 1F and G, respectively). Similarly to M. matanzanus, the
first lateral root emerged during the first week after germination
(Supplementary Data Fig. S1D).

The primary root of seedlings from three species of the
Notocacteae tribe (Notocactus haselbergii, Parodia ayopayana


http://aob.oxfordjournals.org/lookup/suppl/doi:10.1093/aob/mct100/-/DC1

244

and P. submmamulosa) also only grew for a very short period of
time and reached <1 to 2 mm in length. The primary root of
P. ayopayana seedlings stopped growing and was totally
covered in long root hairs by 1 dpg (Fig. 1H). Furthermore, it
remained the only root of the seedling for a couple of weeks
(Fig. 1I). By 2—4 weeks after germination, short lateral roots
had emerged (Supplementary Data Fig. S1E).

A C D F
E
B
G
H J K L M

Fic. 2. Primary root growth in seedlings of the Hylocereeae tribe (Cactoideae),
and Opuntioideae, Maihuenioideae and Pereskioideae subfamilies. (A—C) The
primary roots of all developed seedlings of Epiphyllum phyllantus, which
belongs to the Hylocereeae tribe from the Cactoideae family, exhibited indeter-
minate root growth. (D-G) The primary roots of Opuntia puberula,
Opuntioideae, seedlings exhibited determinate growth (E), indeterminate
growth (D, F) or failed to develop at all (G). The primary root of most
Maihuenia patagonica, Maihuenioideae, seedlings (H-K) and of all Pereskia
aculeata, Pereskioideae (L, M) seedlings exhibited indeterminate growth. (I)
Some Maihuenia patagonica seedlings exhibited determinate primary root
growth. (A) Two dpg; (B) same seedling as in (A), 4 dpg; (C) 20 dpg; (D) 3
dpg; (E) 10 dpg; (F) 10 dpg; (G) 10 dpg; (H) 1 dpg; (I) 2 dpg; (J) same seedling
as in (H), 2 dpg; (K) 20 dpg; (L) 3 dpg; (M) 14 dpg. Scale bars: (A, B) =
2 mm, (D, G-J, L) =5 mm, and (C, E, F, K, M) = 10 mm.
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The highest variation in both the duration of primary root
growth time and primary root length was found in species
of the Pachycereeae tribe, including Carnegiea gigantea,
Echinocereus cinerascens, E. grusonii and Pachycereus schottii
(syn. Lophocereus schottii), which were analysed in this study, as
well as Pachycereus pringlei and Stenocereus species that were
analysed previously. The duration of primary root growth
varied from 2-3 d in some species to 8—10 d in others.
Moreover, we noticed that for two species, C. gigantea and
P. schottii, seedlings from the same seed lots possessed different
primary root phenotypes. The primary root of the first group of
seedlings grew for 3—6 d and reached a length of 10—20 mm
(Fig. 1J, K), while that of the second group reached only a few
millimetres in length and grew for no longer than 1 d (Fig. 1L,
M). Despite having very short roots for 10— 14 dpg, the shoots
in the second group of seedlings developed similarly to those
of seedlings with longer primary roots (Fig. 1M). After 10— 14
dpg, a single lateral root developed in the seedlings of the
second group, which grew for a similar period of time and
reached a similar final length to that of the primary root of the
seedlings from the first group (Supplementary Data Fig. S1F,
G). Unfortunately, the seed germination percentage was very
low for both species, and we were not able to perform a quantita-
tive analysis of this phenomenon.

In the species examined from the Rhipsalideae tribe (i.e.
Pfeiffera ianthothele, Rhipsalis cruciformis, R. baccifera and
R. floccosa), the primary root grew for 1 d only and was very
short. Figure IN and O show the same R. floccosa seedling at 2
and 4 dpg, respectively, with a progressively developing shoot
and poorly developed primary root. The first very short lateral
root of this seedling that emerged and terminated growth
within 1 d was developed by 5 dpg (Fig. 1P). At 7 dpg, a
second lateral root emerged (Fig. 1Q), which also terminated
growth rapidly, attaining a very short length, and developed
root hairs almost ten times longer than the root itself (Fig. 1R).

In conclusion, all species analysed from the six tribes men-
tioned above had determinate primary root growth that could
last between 1 and 10 d, depending on the species, producing a
final root length ranging from <1 mm to ~60 mm. Lateral
roots also exhibited determinate growth.

Most Hylocereeae seedlings exhibit indeterminate primary
root growth

Only two species from the Hylocereeae tribe were analysed:
Epiphyllum phyllanthus and cultivated Hylocereus sp. The
primary root of E. phyllanthus seedlings clearly had indeter-
minate growth: in all seedlings that developed well (25 out
of 33 analysed), the root continued to grow slowly for 4 weeks
after germination, reaching the base of the 12 cm Petri
dish (Fig. 2A—-C). Remarkably, some lateral roots of the
E. phylanthus seedlings exhibited determinate root growth
(Supplementary Data Fig. S1H). Fight germinated seeds
stopped growth soon after germination and failed to develop
into normal seedlings (Supplementary Data Fig. S1I). The
primary root growth of another member of Hylocereeae, a culti-
vated Hylocereus species with red pulp, which could be a hybrid,
exhibited the same tendency, but was more variable. Among the
14 seedlings analysed, the primary roots of nine seedlings grew
slowly for >3 weeks, those of three seedlings stopped growth
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by 2 weeks after germination, and those of another two did not
develop. Few lateral and adventitious roots exhibited determi-
nate root growth. These observations indicate that at least in
these two species of this tribe the primary root growth pattern
is mostly indeterminate.

Most seedlings of Opuntioideae exhibit determinate primary
root growth

During our analysis of the primary root growth pattern in the
Opuntioideae subfamily, two problems were encountered: a
very low germination percentage and a high contamination of
seedlings by fungi and bacteria. Treatment with concentrated
sulfuric acid prior to seed sterilization alleviated these problems
only for Opuntia puberula and O. streptacantha. Primary
root growth was examined for a few seedlings from each
of four other species: Opuntia tehuacana, O. xoconostle,
Maihueniopsis boliviana and M. darwinii. The growth pattern
and particularly the primary root length in these species were
variable. Most seedlings of O. puberula and O. streptacantha
exhibited determinate primary root growth (Table 3), although
the processes of RAM exhaustion and root tip cell differentiation
took variable amounts of time, from 2 to 12 d, and the primary
roots varied greatly in final length (Fig. 2E—G). Moreover, the
primary roots of a few plants continued to grow for 2—3 weeks,
reaching the base of vertically oriented 12 cm square Petri
dishes. The primary roots of some seedlings either did not
develop or only reached a limited length of 2—7 mm (Fig. 2G,
Table 3). Seedlings of both species readily developed lateral
and adventitious roots of variable length, which also exhibited
determinate growth (Supplementary Data Fig. S1J).

We examined two germinated seeds of O. tehuacana. One
seed gave rise to a seedling that exhibited determinate growth
of the primary root, which reached 17 mm in length. The other
seed, which was polyembryonic, produced two viable seedlings,
neither of which formed primary roots. The primary roots of two
O. xoconostle seedlings grew poorly, both reaching just 2 mm in
length. For another species, M. darwinii, we were only able to
monitor the development of one primary root, and the RAM of
this root was exhausted by 9 dpg. The 14 remaining M. darwinii
seedlings examined either became contaminated or their
primary root tip failed to make contact with the medium. Of the
two M. boliviana seedlings studied, one showed signs of contam-
ination by 6 dpg, and the primary root of the other lost contact with
the medium by 4 dpg. During the period in which these seedlings
were studied, their primary roots grew and did not show signs of
cell differentiation in the root tip.

Thus, in most seedlings examined in species from the
Opuntioideae, the primary root growth was determinate;
however, this trait may be variable and more studies are needed
to confirm this conclusion.

Most seedlings of Maihuenioideae and all seedlings of
Pereskioideae exhibit indeterminate primary root growth

For the Maihuenioideae subfamily, the primary root growth
of several seedlings from two populations of Maihuenia patago-
nica (one population with a diploid cytotype and the other with a
tetraploid cytotype) was analysed. Of 15 seedlings belonging to
the tetraploid population, the primary roots of 12 continued to
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grow until they reached the base of the 12 cm Petri dish,
usually by 2—-3 weeks after germination (Fig. 2H, J, K). Thus,
most seedlings from this population exhibit indeterminate
growth of the primary root, at least during the period of study.
Some of these plants formed lateral roots while others did not
during the period of observation. The primary roots of another
three seedlings from the same population stopped growth very
soon after germination, reaching only a few millimetres in
length, and became completely covered in root hairs (Fig. 2I).
In the first 2 weeks after germination, the shoots of these seed-
lings developed similarly to those of plants with indeterminate
growth of the primary root (Supplementary Data Fig. S1L).
One of these plants developed only one short lateral root by 10
dpg, which stopped growing after reaching a length of 4 mm,
while several larger lateral roots of different length were devel-
oped by another plant (Supplementary Data Fig. S1K, M). Of
the three seedlings examined, only the seedling with long
lateral roots survived by 3 weeks after germination.

Finally, three species of Pereskioideae from South America
were analysed in this study: Pereskia aculeata, P. bahiensis
and P. grandifolia. The primary root of most plants of these
species was analysed only for the first 10 dpg, at which time
the primary root of all seedlings was still growing and the
RAM was still present (Fig. 2L, M).

We have reported previously that the presence of root hairs on
the root tip indicates differentiation of all tissues, and the absence
of root hairs on the root tip indicates the presence of meristematic
and/or elongation zones (Dubrovsky, 1997b). To illustrate this,
images of the cleared primary roots of one species of each
Cactaceae subfamily are shown in Fig. 3. The tip of a growing
primary root is shown in Fig. 3A, C, E and F for T. angelesiae
(Cactoideae), O. streptacantha (Opuntioideae), M. patagonica
(Maihuenioideae) and P. aculeata (Pereskioideae), respectively.
Figure 3B and D shows the primary root tips of 7. angelesiae and
O. streptacantha after RAM exhaustion.

Our data of the primary root growth of seedlings from the
Opuntioideae, Maihuenioideae and Pereskioideae subfamilies
are preliminary; more detailed data will be presented elsewhere.
However, these preliminary data allow us to suggest that the de-
terminate growth of the primary root is a genetic trait developed
as an adaptation to aridity (Fig. 4). To illustrate this notion, a
phylogenetic tree was constructed based on the nucleotide
sequences of three molecular markers, chloroplastic trnL-trnF
and rpl6, and mitochondrial trnK-matK, available in GenBank.
If the sequence of one or more of the markers was not available
for the species examined, we used the three sequences of another
species from the same genus, and such species are marked with
an asterisk in Fig. 4. Within the Cactoideae and Opuntioideae
lineages, the primary root growth pattern generally corresponded
to growth in a particular habitat, i.e. determinate growth of the
primary root was strongly correlated with arid and semi-arid
environments. However, this situation is apparently different
for Maihuenioideae and Pereskioideae, which seem to have sepa-
rated from the first two subfamilies early in evolution (Fig. 4;
Edwards et al., 2005; Barcenas et al, 2011;
Hernandez-Hernandez et al., 2011). Although members of the
Maihuenioideae inhabit arid environments and those of the
Pereskioideae more mesic environments, our data suggest that
most seedlings of species from both of these subfamilies
exhibit an indeterminate growth of the primary root.
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TaBLE 3. Primary root growth pattern of two Opuntioideae species

PR did not grow or grew only

Determinate PR growth briefly Indeterminate PR growth
PR inside the testa
Species No. of plants PR length No. of plants PR length No. of plants PR length No. of plants
O. puberula 50 15-35 mm 14 1-7 mm 1 >70 mm 27
O. streptacantha 12 11-45 mm 8 Approx. 2 mm 3 >70 mm -

PR, primary root.

A B
C D
E F

Fi1c. 3. Cleared primary root tips of Cactaceae species from the four subfamilies.
(A, B) Trichocereus angelesiae, Cactoideae; (C, D) Opuntia streptacantha,
Opuntioideae; (E) Maihuenia patagonica, Maihuenioideae; and (F) Pereskia
aculeata, Pereskioideae. The approximate age of the seedlings at the time of
the root excision was (A) <1 dpg; (B, C) 2 dpg; and (D-F) 10 dpg. (A, C, E, F)
Growing roots; (B, D) roots that terminated growth. Scale bar = 100 pwm.

Isolation of cDNA fragments of genes differentially expressed
during primary root development

To identify and characterize genes involved in root meristem
maintenance and determinate root growth, we constructed a
SSH library of cDNA expressed in the primary root tips of
S. gummosus during the initial root growth phase, when the

RAM was still present. cDNA from the primary root tips in the
terminal stage of development, when the RAM was already
exhausted, was used for subtraction and analysis of differential
gene expression. Differential screening of 384 clones from the
library revealed the efficiency of subtraction to be approx.
20 %. Insertions from ten clones that showed the largest dif-
ference in hybridization signal were selected and sequenced.
Putative function was assigned to seven of the corresponding
genes (Fig. 5; Supplementary Data Table S3), whereas conserved
domains were not found in the translated sequences of the
remaining three. The length of the open reading frame and
corresponding deduced protein sequence, as well as the extent
of BLASTP homology are shown for each of seven cDNA frag-
ments in Fig. 5. The parameters of the first and second infor-
mative BLASTP hits for each of the cDNAs are presented in
Supplementary Data Table S3.

One of these genes, which is up-regulated in the primary root
tip during the initial growth phase, encodes a homologue of the
heat stress transcription factor B4 (HsfB4). The mutant pheno-
type of the Atlg46264/NP_175142 arabidopsis homologue of
this gene was described as schizoriza (scz; Mylona et al., 2002;
Pernas et al., 2010; ten Hove et al., 2010). Another gene upregu-
lated during the initial growth phase is a homologue of the plant-
specific class 2 histone deacetylase (HD). It was reported that the
AtHD2A, AtHD2B and AtHD2C homologues are involved in
the repression of gene transcription (Wu et al., 2003). One
more gene is an rRNA 2’-O-methyltransferase, fibrillarin 2
homologue. In animals and yeasts, multisubunit complexes con-
taining fibrillarin are involved in numerous aspects of RNA bio-
genesis (Nicol er al., 2000). A putative leucine-rich repeat
receptor-like protein kinase (LRR-RLK) is also upregulated
during the initial growth phase. One of the arabidopsis
LRR-RLKs, ERECTA, is involved in the regulation of plant de-
velopment and responses to environmental stimuli (reviewed in
van Zanten et al., 2009); erecta mutants of arabidopsis exhibit a
compact shoot phenotype (Shpak er al., 2003). Another upregu-
lated gene is a homologue of the phosphoethanolamine
N-methyltransferase (PEAMT), or S-adenosyl-L-methionine:-
phosphoethanolamine N-methyltransferase. This enzyme is
involved in the synthesis of phosphocholine, a precursor of phos-
phatidylcholine (Munnik et al., 1998; Bolognese and McGraw,
2000; Nuccio et al., 2000). Phosphatidylcholine is important
either as a membrane structural component or in cellular
signalling.

A conserved domain of the cytochrome P450 CYPX super-
family was found in the translated sequence of another cDNA
induced in the primary root during the initial growth phase.
Although the degree of identity and similarity between the
deduced amino acid sequences of S. gummosus and proteins of
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Gymnocalycium hyptiacanthum D SA
Trichocereus taquimbalensis D SA o
Acanthocalycium spiniflorum D SAA .
Echinopsis leucantha D SA Trichocereeae o
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— Parodia magnifica D SA otocacteae -
Carnegiea gigantea D A
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Maihueniopsis atacamensis
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F1G. 4. Phylogenetic tree of some of the species analysed in this study, showing the relationship between the primary root growth pattern and plant habitat in different

taxa. Cactaceae species with publicly available sequences for the three molecular markers, trnL-trnF, trnK-matK and rpl16, were used for the tree construction. When

the three sequences were available only for another species of the same genus, the species was marked with one asterisk. For the Cactiodeae species used in this study,

root growth pattern (D, determinate primary root growth; I, indeterminate primary root growth) corresponds to a particular habitat (A, arid; SA, semi-arid; M, mesic).

The mesic habitat of obligate epiphytes from the Rhipsalis genus that experience water deficit is marked with two asterisks. For Opuntiodeae, preliminary data on the
root growth pattern and habitat are summarized for all shown species of the subfamily.

other plant species is not very high (Supplementary Data Table
S3), the closest protein homologues belong to the CYP718
family and to B and A subfamilies of the CYP716 family. The
last transcript induced during the initial growth stage is a homo-
logue of the plant-specific gibberellin-regulated GAST1-like
genes, which in arabidopsis belong to the GASA (gibberellic
acid-stimulated arabidopsis) family. These genes encode small
secreted proteins with a conserved cysteine-rich domain and
are involved in the hormone response, plant development and
defence (Roxrud et al., 2007). The transcript upregulated in
S. gummosus showed the highest degree of homology with
GASA6/GASA4 members.

Upregulation of all but the CYP450 genes in the primary root
tip of S. gummosus during the initial growth phase was confirmed
by quantitative (real-time) RT—PCR (Fig. 6). The high and vari-
able Crvalues (>30) obtained for CYP450 suggest that this gene
was expressed at very low levels; therefore, the expression values
calculated for this gene were not reliable.

DISCUSSION

Determinate primary root growth is conserved in six Cactoideae
tribes that inhabit mostly arid and semi-arid regions

Determinate growth of the primary root results in the rapid for-
mation of the seedling root system and hence the rapid accumu-
lation of shoot biomass. A greater shoot biomass provides an
advantage for survival in drought conditions; for example, the
survival rate of young seedlings of a Sonoran Desert species,
S. thurberi, depends directly on plant biomass attained at the
onset of drought (Dubrovsky, 1996). This developmental

adaptation can be important for plant species grown in areas
with limited rainfall. Therefore, we hypothesized that
Cactaceae species inhabiting arid and semi-arid environments
would exhibit determinate growth of the primary root, while
species inhabiting mesic environments would exhibit indeterm-
inate growth of the primary root. This hypothesis held for
the species of the Cactiodeae and Opuntioideae subfamilies,
but not for Maihuenioideae and Pereskioideae. Indeed, all
Cactoideae from six tribes, Cacteae, Cereeae, Trichocereeae,
Notocacteae, Pachycereeae and Rhipsalideae, examined either
in this study or in our previous work (Table 1), exhibit determi-
nate primary root growth (Fig. 1). Species from the first five
tribes are distributed in arid and semi-arid regions, while many
Rhipsalideae are epiphytic, with root systems that experience
water deficit because of exposure to air. Root development in
this interesting group has not been sufficiently studied, particu-
larly in its native habitat, and awaits further investigation. In
species from the five tribes of Cactoideae that inhabit arid and
semi-arid zones, the timing of RAM exhaustion and root tip
cell differentiation varies, but is usually completed by 10 dpg.
The timing of RAM exhaustion appears to be a characteristic
of a tribe and species. In contrast, E. phyllanthus from the
Hylocereeae tribe, which tends to inhabit mesic environments,
exhibited indeterminate root growth.

Opuntioideae species exhibit more variability in primary
root growth

The results for the Opuntioideae subfamily, as well as for
the Maihuenioideae and Pereskioideae subfamilies, can be
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F1G.5. Openreading frames and putative functions assigned to the seven cDNA fragments upregulated in the primary root tip of S. gummosus during the initial growth
phase. Numbers in italics above the arrow and the solid line refer to the nucleotide sequence, indicating the length of the fragment and the position of the open reading
frame (ORF). Numbers in bold below the solid line refer to the deduced amino acid sequence, and indicate the start and end of the best BLASTP hit.
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F1G. 6. Quantitative (real-time) RT—PCR analysis of the expression of the Stenocereus gummosus genes induced in the initial growth phase. Relative expression was

evaluated for RNA isolated from S. gummosus primary root tips during the initial or terminal growth phases. Transcript accumulation was normalized to the expression

of two reference genes, SgCla and SgAGL3 1. A value of 1 was assigned to the expression during the terminal phase. Bars represent means + s.e.m. from two inde-
pendent biological replicates with three technical replicates.

considered as only preliminary, as we were only able to analysea  Certainly, further analysis of primary root growth should be per-
sufficient number of seedlings from two species, and gather some  formed in more Opuntioideae species from different tribes to es-
additional records for a few seedlings from four other species. tablish if the primary root growth pattern is conserved within this
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subfamily. Nevertheless, our data suggest that the determinacy of
primary root growth is not as firmly genetically fixed in members
of Opuntioideae as it is in most Cactoideae species. We have
documented variation in primary root growth pattern within
the same species of Opuntioideae; primary roots sometimes
grew for extended periods, but, more frequently, the RAM was
exhausted and primary root tip cells differentiated within a few
days. In some seedlings, primary root growth was not induced
at all, or the primary root grew for a very short period of time,
reaching a final length of only a few millimetres, probably
because the cells underwent expansion, but not division. In
these seedlings, adventitious and/or lateral roots developed
very soon after germination. Before sterilization and germin-
ation, seeds of Opuntioideae species were separated with a
scalpel from the pulp to reduce fungal and bacterial contamin-
ation, and treated with sulfuric acid. Only a 90 min treatment
with concentrated sulfuric acid, but not a 30 or 60 min treatment,
resulted in seed germination of some of the species. The develop-
ment of embryonic organs in the seedling could be affected by
these severe treatments; either the mechanical seed peeling or
the sulfuric acid treatment could account for the incomplete coty-
ledons found in some seedlings (Supplementary Data Fig. S1) or
for the early arrest of primary root growth.

In Cactoideae species from six tribes, the timing of RAM ex-
haustion and root cell differentiation, as well as the final length of
the primary root, varied slightly within the same species. In this
case, most variation was found between species that belonged to
different tribes. Nevertheless, the situation was different in
Opuntioideae species. While primary roots of a few seedlings
of O. puberula and O. streptacantha grew for long periods of
time, indicating indeterminate growth, the RAM was exhausted
much earlier in most seedlings, or the primary root did not
develop at all. The same was true for the lateral and adventitious
roots; a few grew for long periods and reached an appreciable
length, while most stopped growing at 5-50 mm. Also, as
described before (Boke et al., 1979), clusters of very short spur
roots were formed. The species we analysed from the Opuntia
genus inhabit semi-arid environments, where water accessibility
tends to be variable. It would be interesting to determine if the
primary root growth characteristics of Opuntioideae species dis-
tributed in arid zones varied to a similar extent as those in semi-
arid zones. Although there is no apparent difference in the type of
primary root growth found in Cactoideae members inhabiting
arid and semi-arid regions, it is possible that variability in this
feature could be lower in Opuntioideae species inhabiting
more arid environments.

Indeterminate primary root growth does not depend on the habitat
of Maihuenioideae and Pereskioideae species

According to our preliminary results, indeterminate primary
root growth was found in three species from the Pereskioideae
subfamily. A more complex pattern of primary root growth
was found for M. patagonica, one of the two species that consti-
tute the Maihuenioideae subfamily. For the first 2—3 weeks after
germination, 12 of 15 seedlings exhibited indeterminate primary
root growth, and another three seedlings had very short primary
roots with determinate growth. Furthermore, indeterminate root
growth seems to benefit M. patagonica seedling establishment,
as the shoot of only one of the three seedlings that formed long
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lateral roots continued to develop for 4 weeks after germination.
While Pereskia species mostly inhabit mesic environments,
both species of the Maihuenia genus inhabit arid locations.
Maihuenia patagonica grows in more arid environments than
M. poepigii. Remarkably, a Hylocereus sp. plant that did not
develop a primary root and had only a few roots of <1 mm
long was able to develop a shoot during the 4 month observation
period. These findings suggest that the determinate root growth
of the Cactoideae and Opuntiodeae subfamilies arose after the
separation of this lineage from the Maihuenioideae and
Pereskioideae (Fig. 4). Subsequently, this feature might have
been genetically fixed in the Cactoideae tribes that consistently
experience water deficit.

Insight into the molecular mechanisms underlying RAM
maintenance and exhaustion in Cactaceae

To decipher the molecular mechanisms underlying RAM
maintenance and exhaustion and root development in
Cactaceae with determinate root growth, we constructed a SSH
subtracted library of cDNA fragments of genes induced in the
primary root tip of S. gummosus soon after germination, when
the RAM is active. The insertions from ten clones that displayed
the highest changes in expression level between the initial and
terminal phases of primary root growth were sequenced, and pu-
tative functions were assigned (Supplementary Data Table S3)
for seven of them. Remarkably, some homologues of these
S. gummosus genes are induced in the root tip of arabidopsis
and/or soybean (Supplementary Data Table S4). The functions
of these homologous genes and the corresponding mutant pheno-
types are presented in Supplementary Data Table S5. One of
these genes encodes the homologue of heat stress transcription
factor B4 (also called SCZ in arabidopsis; Mylona et al., 2002).
The arabidopsis homologue is expressed in the RAM and is
required for QC specification, as well as for the formation of
the ground tissue initial cells in the embryonic meristem and
their activity in the primary root after germination (Pernas
et al., 2010; ten Hove et al., 2010). Our finding suggests that
the SCZ pathway, which interacts with the SHR/SCR pathway
in arabidopsis, is also important during the initial phase of
growth in the Cactaceae primary root.

Histone deacetylase (HD) 2, which is also induced in the
primary root tip during the initial growth phase, represseses
transcription by removing acetyl groups from the core histones.
In arabidopsis, a reduction in the expression of some AtHD
genes results in developmental defects (Wu er al., 2000; Tian
and Chen, 2001; Xu et al., 2005). The upregulation of HD2 in
the primary root tip of S. gummosus during the initial growth
phase suggests that the repression of a particular set of genes
soon after germination is important for root growth in Cactaceae.

Fibrillarin is one of the major proteins of the nucleolus and, to-
gether with RNA and proteins, forms multisubunit complexes.
Recently, it was shown that arabidopsis recombinant fibrillarin
2 is able to interact in vitro with different rRNAs, including
small nucleolar RNAs (snoRNAs), small nuclear RNAs
(snRNAs), small interfering RNAs (siRNAs) and viral RNAs
(Rakitinaeral.,2011). Furthermore, fibrillarin interacts with pro-
teins (Nicol et al., 2000; Kim et al., 2007; Canetta et al., 2008).
Therefore, upregulation of fibrillarin in the root tip soon after
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germination could have a wide spectrum of developmental
effects that should be analysed in future studies.

The LRR-RLKSs represent one of the largest protein families in
plants. Although some of these proteins participate in signalling
pathways that regulate plant development, as mentioned before
for ERECTA LRR-RLK, the exact roles of many of them
are still unclear. Phosphoethanolamine N-methyltransferase
(PEAMT) in arabidopsis is encoded by three loci. The mutant
phenotype for one of these genes is designated as xipotl1 (xpl1;
Cruz-Ramirez et al., 2004). The similarity between the architec-
ture of the xpl/ root and that of Cactaceae with determinate root
growth, together with the finding that the homologous gene is
upregulated in the S. gummosus primary root during the initial
growth phase, suggest that the compounds produced in the phos-
phocholine/phosphatidylcholine biosynthetic pathways may be
involved in the determinate root growth of Cactaceae.

Cytochromes P450 (CYPs) comprise a large superfamily of
haemoproteins that catalyse the oxidation of multiple substrates.
Several CYP716/718s, most similar to the S. gummosus CYP that
is induced during the initial growth phase, are involved in diter-
penoid and triterpernoid metabolism (Ro et al., 2005; Fukushima
et al., 2011). Since gibberellins are diterpenoid, and brassino-
steroids are triterpernoid compounds, the induction of CYP
transcript during the initial growth phase may be related to
the gibberellin- or brassinosteroid-mediated control of primary
root development in Cactaceae. Upregulation during the initial
growth phase of the transcript encoding a protein with homology
to GAST1-like gibberellin-regulated proteins 4 and 6, antagonis-
tically regulated by gibberellins and brassinosteroids (Bouquin
et al., 2001), further reinforces this suggestion. These small
GASTI1-like peptides, which have highly conserved cysteine-
rich domains, are believed to promote or repress gibberellin
responses (Rubinovich and Weiss, 2010). The characterization
of homologous GAST1-like proteins in different plant species
suggests that they have diverse roles in plant development, in-
cluding the regulation of cell division and cell elongation. It
was suggested that these peptides are involved in redox regula-
tion (Wigoda et al., 2006; Rubinovich and Weiss, 2010). The cel-
lular redox status was shown to be important for the regulation of
cell proliferation and for RAM organization and root develop-
ment in several species (reviewed in Jiang and Feldman, 2005;
De Tulio et al., 2010). The upregulation of the GASTI-like
protein in the S. gummosus root tip indicates the importance of
redox regulation in the determinate growth of the primary root
of Cactaceae.

Determinate root growth, as an adaptation to aridity, was
genetically fixed after the separation of Pereskioideae and
Maihuenioideae from Cactoideae and Opuntioideae

Recently, several phylogenetic analyses of Cactaceae have
been reported (Nyffeler er al., 2008; Barcenas et al., 2011;
Majure et al., 2012), one of which included representatives
from 85 % of Cactaceae genera (Hernandez-Hernandez et al.,
2011). In this report, the matK protein-coding gene, trnL-trnF
and trnK-matK intergenic spacers, rpl16 intron plastid markers
and the ppc nuclear marker were used for the ML phylogenetic
analysis of the family. This study prompted the authors to propose
the early divergence of Pereskioideae and Maihuenioideae from
Cactoideae and Opuntioideae, and to confirm the paraphyletic
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origin of the Pereskia genus, as suggested earlier (Nyffeler, 2002;
Arias et al., 2003, 2005; Edwards et al., 2005). Our findings
suggest that determinate growth of the primary root as an adaptation
for aridity originated at the time of or was genetically fixed after this
separation. It seems that, in the case of Cactoideae species that
exhibit determinate root growth and reside in mesic zones, this
type of growth could be explained by specific microenvironmental
conditions. For example, plants of the Mammilaria species that
occur in seasonal tropical forests are usually found on well-drained,
rocky mountain slopes (Anderson, 2001). The Rhipsalideae species
from the evergreen tropical rainforests are epiphytes and also ex-
perience water deficit due to a lack of soil substrate (Dubrovsky
and North, 2002). Therefore, most Cactoideae members occupy a
niche in which they might experience water deficit and are never
subjected to prolonged water surplus.

In conclusion, our analysis revealed that determinate root
growth is more prevalent in Cactaceae than previously reported
(Dubrovsky, 1997b; Dubrovsky and North, 2002). Our data
suggest that determinate growth of primary roots became fixed
after the separation of Cactoideae and Opuntioideae from
Pereskioideae and Maihuenioideae. This trait is linked to arid
and semi-arid environmental conditions, in which the first two
subfamilies are distributed. Importantly, determinate primary
root growth has hitherto only been reported in a single angiosperm
family. To understand how this developmental programme is con-
trolled, we identified a number of genes differentially expressed in
the primary root during the initial growth phase, i.e. before RAM
exhaustion, compared with during the terminal growth phase, i.e.
after RAM exhaustion, in one Cactoideae species, S. gummosus.
Our results suggest that the genetic regulation of RAM mainten-
ance and its loss in Cactaceae seedlings might be orchestrated
by RAM patterning genes, and by genes involved in the regulation
of gene expression, redox and hormonal control. Further studies
will shed light on how these and other factors control RAM activ-
ity in plants.

SUPPLEMENTARY DATA

Supplementary data are available online at www.aob.oxford-
journals.org and consist of the following. Figure S1: determinate
growth of the primary, lateral and adventitious roots of seedlings
from the Cactaceae family. Table S1: voucher information and
distribution of the Cactaceae species used in this study. Table
S2: sequence of primers used for quantitative RT—PCR and
the corresponding amplicon size. Table S3: BLASTP assign-
ment of putative function to seven predicted protein fragments
for which the corresponding mRNAs were up-regulated in the
primary root tip of S. gummosus during the initial growth
phase. Table S4: expression pattern of arabidopsis and soybean
homologues of selected S. gummosus genes induced during the
initial growth phase of the primary root. Table S5: description
of the function and of the mutant/pharmacological inhibition
phenotype of some homologues of the selected S. gummosus
genes induced during the initial growth phase of the primary root.
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