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Sandal (Santalum album L.) is one of the most valuable
hemiparasitic tree species cultivated for its scented
heartwood and oil. The economic yield from sandal de-
pends on the hosts associated with it. Previous studies
show that the sandal-host interaction is related to cer-
tain physiological, genetic and molecular mechanisms
that enable them to identify host plants, to grow invasi-
vely into the hosts, and to establish connections to with-
draw water and other resources from the hosts. However,
the understanding of these mechanisms is still very vague.
Our observations from the three-month-old sandal seed-
lings—host interaction study revealed the complex and
multifaceted character of the host—parasite signalling
mechanism. Besides, we found numerous unsolved ques-
tions and a significant knowledge gap in this field. There-
fore, this article aims to correlate and contrast our
observations with previous findings and to deliver some
key questions to bridge the knowledge gap in future re-
search.

Keywords: Haustoria, HIFs, host—parasite interaction,
Santalum album.

INDIAN sandalwood (Santalum album L.; family: Santala-
ceae) is one of the most valuable woody plants, extensively
cultivated for its scented heartwood and oil. The aromatic
oil extracted from wood contains santalol, which is used
to prepare perfumes, cosmetics and medicines'. The Santa-
lales order, to which sandal belongs, consists of morpho-
logically and physiologically diverse group of parasitic
plants. For example, the families in this order, including
Balanophoraceae, Mystropetalaceae, Loranthaceae and
Santalaceae, are parasitic in nature. Sandalwood is con-
sidered a facultative root parasite since they partially de-
pend upon other plants (called host plants) for the nutrients
required for its survival and growth. However, the host is
not obligated to complete their life cycle*. Usually, the facul-
tative parasites contain chlorophyll (hence are photosynthe-
tic) and take nutrient sap by connecting to the host xylem
via haustorium. Haustorium is a specialized absorbing struc-
ture by which the parasitic plants penetrate host tissues
and ultimately establishing the physiological conduit with
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the host. Water, sugar and nutrients, especially nitroge-
nous compounds, flow between the parasite and the host
through this haustorium®7. Approximately 4,500 parasitic
plant species among angiosperms can form haustoria and
attach their vasculatures to their hosts to obtain water and
nutrients®. Numerous studies have been done to understand
host—parasite interaction and its ecological and economic
impacts®*5. However, excluding basic investigations on
host—parasite interaction, the majority of studies were biased
in favour of the host plant. ‘Survival strategy and defense
mechanism of host plant’, ‘development and improvement
of resistant varieties of host’ and ‘management strategies
to evade parasitic plant’ are the areas mostly studied and
discussed so far. The parasitic plants such as witchweeds
(Striga spp.), boomrapes (Orobanche and Phelipanche spp.),
mistletoes (Loranthus spp.) and dodders (Cuscuta spp.) are
the most widely studied species, because, they are widely
distributed and cause serious economic loss to the farm-
ers®17, In contrast, a parasitic plant (sandal) is important
because of its high economic value in the sandal-host plant
system. Hence, sandal is fostered by the management of
the host plants. Until now, the host—parasite interaction, in-
cluding its signalling mechanism and the major factors invol-
ved, has remained unclear or often unknown, especially in
the case of tree root parasites. In this context, the Indian
Council of Agricultural Research (ICAR)-Central Agrofor-
estry Research Institute, Jhansi, Uttar Pradesh, India, initi-
ated the sandal-host interaction study in the field. During
the initial phase of the study, we had some exciting obser-
vations which led to many unsolved questions in addition
to what we had learned. Hence, the present article aims to
shed light on our observations with the help of previous
findings in the same line and to identify the unexplored area
of sandal-host interaction.

Materials and methods

Three-kilogram sandal seeds were purchased from Seed
Centre, Kerala Forest Research Institute, Thrissur, India,
in October 2020. The sowing of seeds was done in Novem-
ber 2020 after treatment with 500 ppm Gibberellic acid for
12 h at the ICAR-Central Agroforestry Research Institute
(25°30719" lat., 78°32'36"” long.). The sowing was carried
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Table 1. List of host species (weeds) identified for Santalum album parasitism
Common name Scientific name Family
Host weeds

Blue gum Eucalyptus globulus Myrtaceae

Indian goosegrass Eleusine indica Poaceae

Round-leaved dock Rumex obtusifolius Polygonaceae

Nut grass Cyperus rotundus Cyperaceae

Congress grass Parthenium hysterophorus Asteraceae

Yellow-flowered pea Lathyrus aphaca Fabaceae

Bhumi amla Phyllanthus neruri Phyllanthaceae

Common dandelion Taraxacum officinale Asteraceae
Non-host weeds

Common nightshade Solanum nigrum Solanaceae

Sessile joyweed Alternanthera sessilis Amaranthaceae

Annual yellow sweet clover ~ Melilotus indica Fabaceae

Unidentified A (grass) - Poaceae

Unidentified B

out on raised bed prepared by using red soil in an open
condition as well as in a root trainer cup filled with different
potting media in green net house condition. The observations
of the present study were taken from three months old seed-
lings.

Observations

The uprooted sandal seedlings showed a haustoria connec-
tion (seen on the lateral side of primary and lateral roots)
with 8 weeds (Table 1 and Figure 1) out of 13 weeds iden-
tified in the seedbed. Both monocot and dicot plants were
found among the host (host means the weeds associated
with the sandal). The host plants were from taxonomically
different families. Interestingly, the sandal-sandal haustoria
connection was observed several times, around 5-6 times.
The number and size of the haustoria varied from species
to species. The haustoria were bell-shaped and varied in
diameter from 1 to 3 mm (Supplementary Figure 1). Tap
roots of the round-leaved dock (Rumex obtusifolius) and rhi-
zome of the nut grass (Cyperus rotundus) had large-sized
haustoria (Figure 1). In the fibrous roots of Indian goose-
grass (Eleusine indica), a large number of small haustoria
were observed. No haustoria development was seen in
seedlings cultivated in root trainer cups. In open and green
net house conditions, there was no discernible difference
in height or dry biomass between seedlings with and without
weeds (Table 2). In contrast to earlier research, we did not
find a haustoria connection between sandal and Alternan-
thera sessilis (A. sessilis: a tiny shrub that is thought to be
the best sandal host plant).

Discussion

The types of host plants included monocots and dicots, annu-
als and perennials and short-term and long-term hosts (in
plantation). Earlier reports state that at the nursery stage,
A. sessilis, a small bushy ornamental plant, is considered a
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good primary host, while Crotalaria juncea and Cajanus
cajan act as ‘bridging agents’ between early and long-term
hosts for promoting the growth of S. album®2°. In addi-
tion, more than 150 short and long-term hosts were identified
in India?'?2, Previous studies and reports on sandal planta-
tion establishment reported the need for weeding for the
survival and better growth of the sandalwood?!. However,
our findings reveal that sandal may use a variety of weeds
as a natural host plant without any detrimental effect on
its growth and survival (Table 2). The growth attributes of
the sandal seedlings grown in open beds along with weeds
and grown in greenhouse conditions shown in Table 2 sub-
stantiate the same. But, in the later stages, what effect
weeds would have on the economic quality of sandals?
Whether good or harmful, it must be investigated. The
weeds observed in the plot belonged to diverse taxa, includ-
ing monocots and dicots from different families and in dif-
ferent forms (trees and shrubs). The root structure of these
weeds was also of different forms, i.e. fibrous and tap
root systems, which significantly influenced the size and
number of haustoria connections. In the case of a fibrous
root system of a host plant like E. indica, sandal formed
many haustoria connections, but the haustoria size was
small. Larger haustoria were found to be associated with
the taproot of R. obtusifolius (Figure 1 f), but the number
of haustoria was less compared to other hosts having fibrous
root systems. It was found that larger the haustoria, the
lesser the number and vice versa (Table 3). Comparatively,
less haustoria observed in other weeds might be due to
low preference by the sandal or high resistance by the host
or simply due to low root density and smaller root structure.
The number and size of haustoria connection with sandals
were different for different weeds. In some cases, sandal
may not have any connection with nearby weeds. This indi-
cates the hierarchy of preference by sandal. The absence
of haustoria connection with previously reported host A.
sessilis also indicates the distinct hierarchy preference main-
tained by sandal to select suitable host plants from a diverse
group of plants/weeds. In our study, the distinct hierarchy
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Figure 1.

Haustoria connection of sandal (indicated by yellow arrow) with weeds like (a) Eucalyptus globulus, (b) Eleusine indica, (c) Taraxacum

officinale, (d, e) Parthenium hysterophorus, ( f) Rumex obtusifolius, (g) Lathyrus aphaca, (h) Cyperus rotundus, (i) Phyllanthus neruri, (j) Dead root
of host species, (k) Sandal to sandal haustoria connection, (I) Long and extensive roots of Solanum nigrum, a non-host weed which was not found as-

sociated with sandal (insight pictures: full view of sandal-weed association).

Table 2. Sandal seedling growth attributes in different media in green net house condition and in open soil. (In
open field weeding has not been done)
Condition Potting media used Plant height (cm)  Root length (cm)  Plant dry weight (g)

In mist chamber, root
trainer seedlings

Potting media 1
Potting media Il
Potting media Il1
Potting media IV
In field (on seed bed) Open soil
Average

Significant level

12.42 (0.766)
12.70 (0.459)

10.94 (0.375)
11.68 (1.438)

0.347 (0.072)
0.305 (0.040)

12.00 (1.121) 11.34 (1.022) 0.296 (0.036)

10.98 (0.519) 8.04 (0.872) 0.210 (0.018)

11.00 (0.729) 9.78 (1.120) 0.200 (0.072)

11.82 (0.341) 10.356 (0.499) 0.272 (0.021)
ns ns ns

ns, Not significant.

preference of sandal with weeds was in the order (from high
to low): Rumex obtusifolius > Eleusine indica > Phylla-
nthus neruri > Eucalyptus globulus > Taraxacum offici-
nale > Parthenium hysterophorus > Lathyrus aphaca >
Cyperus rotundus. But the factors influencing this hierar-
chy preference by sandal are not known. Finding these fac-
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tors will help to manipulate the host and to identify the
best sandal-host combination which yields multiple benefits
(both from sandal and host). The number of haustoria
connection is the only criterion for determining the best
suitable host of sandal?®?*. We believe that, in addition to
this, the number of active haustoria, their size, the amount of
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Table 3.

Haustoria characteristics of the host plant

Species

No. of haustoria

Size of haustoria (mm)

R. obtusifolius
E. indica

P. neruri

E. globulus
T. officinale
P.

L.

C.

=

aawho oo ko

hysterophorus
aphaca
rotundus

water and other nutrient transported through haustoria, and
ultimately the dry biomass increment in sandal must be con-
sidered to identify the most suitable host.

Host plant growth performance is equally important, like
sandal growth performance, to decide the best sandal—host
combination. Sandalwood is a generalist parasite and can
have many hosts. The performance of each host will be dif-
ferent with sandal. The quality and quantity of resources
offered by the host and the duration (how long the associa-
tion will be) are the factors that determine the suitability of
the host species. The defensive ability of the host species
also determines the sandal and host plant association?26,
A study by Jiang et al.” on hemiparasite Rhinanthus minor
suggested that factors like the well-developed haustorium
of the parasite, the lack of defensive mechanism of the host,
and the presence of ample nutrients in the xylem sap accessi-
ble to the parasite’s haustorium, govern the quality of the
host. Sometimes sandal can have detrimental effects on
host plants, which may lead to suppressed growth or even
death of the host plant. Earlier studies also reported that
the excess parasitism of the sandal on other plants could
suppress the biomass and photosynthesis of the associated
host plants or sometimes lead to their death?®-3!, Root
hemiparasites can effectively decrease the growth rate of
their host and hence decrease its competitive ability, which
ultimately results in a high negative effect on the host per-
formance®+:32%, For example, citrus plant is not considered
as a good host for sandal because the over exploitation of
resources by sandal lead to their death after 2-3 years of
association (unpublished data). In our study, we observed
dead roots of some weeds like C. rotundus associated with
sandal root, which indicates the competition between weed
and sandal or the defensive mechanism of the weeds. To
avoid the negative effects of parasites, some host plants
perform defensive actions like the degradation or necrosis of
their roots to avoid the haustoria connection (discussed be-
low).

‘Complete avoidance’ is the first level of defensive or
inhibitory mechanism performed by the host plant to pre-
vent the attack of the parasites. How the parasites perceive
host-derived signals for their development, similarly, the
host is also able to sense and respond to the presence of a
parasite nearby in the rhizosphere. In our study, the five
species — common nightshade (Solanum nigrum), sessile
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joyweed (Alternanthera sessilis), annual yellow sweet clover
(Melilotus indica), unidentified A (grass species) and uni-
dentified B, seen very close to sandal had no haustoria con-
nection with them. This kind of host resistance, called as
‘pre-attachment resistance’, includes different strategies
like (@) no or reduced production of germination stimu-
lant(s); (b) production of germination inhibitors; (c) delay,
reduction, or complete inhibition of haustorium formation
leading to attachment incompetence; and (d) development
of preformed mechanical or structural barriers on the host
surface to impede attachment. Though there are various
models explaining the defence mechanism of host plants
against parasites, complete knowledge is still lacking, par-
ticularly for this kind of host—parasite combination. Invol-
vement of complex genetic, molecular, biochemical and
physiological factors makes the research challenging. Re-
cent findings show that host—parasite defence mechanism
is similar to pathogen-host plant interaction®%. During
host—pathogen interaction, the host’s complex defence sys-
tem uses a range of receptors to detect pathogens. At the
same time to circumvent the resistance of host, pathogens
will produce or secrete virulence proteins and metabolites
called effectors. This type of pathogen—host plant interac-
tion was conceptualized by Harold H. Flor in 1942, who
proposed a gene-for-gene model®. He stated that during a
pathogen-host plant interaction, a pathogen avirulence
(Avr) gene and the corresponding host resistance (R) gene
initiate a cascade of defence responses, often leading to a
hypersensitive response (HR) or programmed cell death
that consists of localized cell necrosis at the host infection
site. A similar mode of action might be the reason for the
dying of roots of some host species (in E. globulus and C.
rotundus) in the case of sandal-host association.

It is hypothesized that the host’s defence signalling mech-
anism upon the perception of molecular determinants from
parasites is similar to plant-microbe interactions where
cell surface pattern recognition receptors (PRR) will help
the host plant to recognize pathogen-associated molecular
patterns (PAMPs) from their surveillance. In support of
this hypothesis, recently, a PRR named CuRel identified
from tomato recognized a potential PAMP from the stem
of the parasitic plant Cuscuta reflexa. In addition, the role
of immune receptor in identifying parasitic plants, Striga
gesnerioides was reported in cowpea, which also strengthens
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this hypothesis. They identified a cowpea R gene RSG3-
301 encoding a nucleotide-binding domain and leucine-rich
repeat-containing (NLR) receptors®”. The identification
and characterization of parasitic plant-derived molecules
and their cognate receptors will provide a significant step
towards the prediction and elaboration of resistance in
hosts.

It is found that the defensive mechanism of the host plant
against the parasite is originated from the co-ordinated ac-
tions of genes (induction of immunity-related genes), mole-
cular (effector and receptor protein actions, reactive oxygen
species (ROS) production), physiological (transport of solu-
tes and enzymes), biochemical (origin of haustoria inducing
factors (HIFs)) and anatomical responses (vessel occlusion,
thickening of cortex tissues)®-4%. A study by Delavault®®
provided valuable, albeit incomplete, evidence that root
parasitic plants, as is the case with many phytopathogenic
organisms, can produce effector proteins to lure and knock
down the immunity response of their host plants. He demon-
strated that the SG4z gene effectively produced a protein
effector, suppressor of host resistance 4z (SHR4z) in its
haustorium that, once transferred to the host, interfered
with the signalling pathway normally triggered during a
resistant interaction. To date, no other parasitic effectors
have been clearly characterized.

It is accepted that most of these resistances are quantita-
tive, which are controlled by several genes. However, in a
few cases, the host—parasite interaction is characterized by
a host HR, which is a central feature of gene-for-gene
based plant disease resistance resulting in race-specific re-
sistance. Botanga and Timko*' reported the resistance of
the cowpea cultivar B301 to a specific race of S. gesnerioides
by host tissue necrosis at the point of parasite attachment
corresponding to an HR-type response. Studies on hemipara-
site R. minor showed that Fabaceae always serves as good
hosts for R. minor because of the absence of obvious de-
fensive structures?®?’, but the poor host Plantago lanceolata
exhibited strong reactions (e.g. releasing toxic secondary
compounds and host cell disintegration) against the haus-
torial tissues?®. In addition, the recent development of
transcriptomic and proteomic approaches revealed that
most classical biotic stress-related defense pathways play
crucial roles in host defence against parasitic plants*®. In
our study, the defensive mechanism observed by Solanum
nigram is needed to be studied further based on these
available findings and hypothesis. S. nigrum can be con-
sidered a model plant to study plant—parasite resistance
mechanisms.

Next, if the resistance or defence mechanism of the host
fail or in the absence of such mechanism, parasites can make
use of nearby host in two ways. First, for certain parasites,
seed germination requires specific signals (the germination
stimulants) produced by host roots, and second, the deve-
lopment of a specific organ, the haustorium, which is also
triggered by host signals HIFs*®#2, For obligate root para-
sitic plants of the Alectra, Striga, Orobanche and Pheli-
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panche genera, the signal from host is obligatory for their
germination and further survival®. In connection to S. album,
previous studies have reported that seed germination and
early seedling growth are independent of the host stimulus,
but host plants are required for their later survival. Aseptical-
ly grown seedlings survived only with a host plant where
the seeding readily established a haustoria connection**. The
early-stage development of haustoria was observed in almost
70% of one-month-old seedlings* and in all 3 months old
sandalwood seedlings that grew in washed sand (to avoid
the effect of any external biochemical factors) supplied with
full nutrient regime®. Barrett and John“® stated that sandal
could generate haustoria without HIFs originating from the
host plant. Similarly, Meng et al.*’ reported that sandal
could undergo a non-parasitic phase in the absence of a host
and could develop a regular root system with haustoria. In
contrast to this, our observation in six months old sandal
seedlings grown in root trainer indicated that though the
seed germination was independent of the host stimulus,
the host plant was obligatory to initiate haustoria in sandal
seedlings. However, seedlings with and without haustoria
not showed any difference in morphological attributes and
early seedling growth. In haustoria developed seedlings it
was found that the sandal preference over host plants varied
between weed species. Though the earlier studies reported
a high preference of sandal on nitrogen-fixing species (e.g.
Acacia, Casuarina and Sesbania)®48, we did not observe any
association with nitrogen-fixing weeds. Some earlier studies
demonstrated that host nitrogen was not always a reliable
predictor of parasite performance?®#8-°0, This indicates
that multiple factors govern the host—sandal root associa-
tion.

The mechanism of initiation of haustoria development in
root parasites is still very vague. The question ‘who pro-
duces signals or factors responsible for the haustoria devel-
opment, whether host or parasite?” needs to be answered.
In our view, based on the observations from root trainer
and seedbed seedlings (the seedlings grown along with
weeds showed a haustoria connection, but it was absent in
root trainer seedlings), the biochemical signal from the host
plant is the precursor for haustoria development in the
roots of sandalwood. This biochemical signal may be in
the form of secondary metabolites or some volatile com-
pounds or any other unknown compounds. The parasitic
plants have mechanisms to locate the host plants in their
vicinity by catching these biochemical signals. Several
previous studies also reported similar as well as contradic-
tory views regarding this. Some say the root exudates like
cytokines and flavonoids, directly or indirectly via soil
beneficiary microorganisms, ‘induce’ (host initiated) signals
to sandal for haustoria development, while others say sandal
‘sends’ signals to nearby host plants via the same mecha-
nism. Delavault®® reported that the parasite receives the
host-derived signals, HIFs, which trigger the development
of a specific organ, the haustorium. But still, the identification
of the specific active components of HIFs in host exudates,
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the mechanism of HIF production, its transport, and its
mode of action remain largely unknown. However, previ-
ous studies reported that HIF activity was related to the
pectin fraction of host cell walls®, and the structures of
HIFs were more closely related to those of lignin monomers.
Experiments on HIFs in the parasitic Orobanchaceae family
(weed species like Striga, Orobanche and Phelipanche) by
Goyet et al.? revealed that prehaustorium (haustoria for-
mation before host attachment) development was pro-
voked by host-derived signal molecules, collectively
called the HIFs. Cell wall-related quinones and phenolics,
and the plant hormone cytokinins, which are structurally
distinct from phenolic compounds were the biochemical
molecules which triggered prehaustorium formation in
Orobanchaceae. In addition to this, another study in Oro-
banchaceae plants proposed that the ROS produced by the
root parasitic plants converted host-derived phenolic pre-
cursors of HIFs like syringic acid into active HIFs, such as
2,6-dimethoxy-p-benzoquinone (DMBQ, commonly recog-
nized HIF). In this way, parasitic plants can identify the
proximity of the host for haustoria connection. The role of
quinones in haustoria formation was also reported. Studies
on Triphysaria versicolor reported that quinones are redu-
ced by the NADPH-dependent oxidoreductase to produce
reactive semiquinones, which activate downstream signal-
ling pathways. Though the mechanism by which semiqui-
nones transduce the signal remains unknown, it is believed
that this could occur via a ligand—receptor interaction in a
structure-dependent manner. In connection to this, based
on the studies on endogenous hormone levels of haustoria
in S. album L. seedlings, Zhang et al.3! presumed that the
hormones might act as a web-like set of interactions to regu-
late the haustorial development of S. album. In particular,
endogenous auxin production and accumulation are the
key factors associated with haustoria development. The
negative response of haustoria development by the appli-
cation of auxin activity inhibitor (p-chlorophenoxyisobu-
tyric acid) and auxin efflux inhibitor (2,3,5-triiodobenzoic
acid) and positive response to DMBQ by auxin-inducible-
promoter construct in T. versicolor provided the conclusive
evidence of involvement of auxin in haustoria development
process®®. Additionally, auxin biosynthesis was also found
to be essential for haustoria formation in Phtheirospermum
japonicum, a root parasitic plant. In this regard, a recent
study by Meng et al.*’ confirmed the involvement of auxin in
haustoria development in S. album. They found that auxin
biosynthesis inhibitor L-Kyn and the polar auxin transport
inhibitor N-1-naphthylphthalamic acid (NPA) negatively af-
fected haustoria formation and development.

The biochemical molecules can act as precursors or stimuli
during the signalling process between host and parasite. In
general, these biochemical molecules released by hosts
can be categorized into two groups: (1) which initiate and
enhance haustoria development; (2) which act as a defensive
mechanism to avoid sandal parasitism (as mentioned ear-
lier). Even in discussions about host—parasite relationships,
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sandal to sandal haustoria connection observed in the seed-
lings, reported earlier by Hamilton and Conard®, makes
these theories or concepts increasingly complex. Previous
studies reported the specificity of HIF to determine host
ranges and avoid spontaneous haustorium formation on a
parasitic plant’s roots, as well as a non-productive associa-
tion (e.g. with congeneric or conspecific plants)®>®. In this
context, the signalling mechanism and the cause of san-
dal-sandal connection needs to be investigated.

Understanding the mechanism of biochemical signalling
and succeeding interaction via haustoria between sandal-
wood and host plant may help to understand the nutrient
flow, induction of haustoria (artificially), and selection of
suitable host plant which limit the detrimental effects on
both sandalwood and the host species. Hence, the future stud-
ies should be focused on understanding: (1) Bio-chemical
and physiological mechanism responsible for the specific
host selection/preference by Santalum album; (2) Common
and specific signalling pathways between different host
species employed in response to S. album parasitism; (3)
Specific compounds of HIFs by which parasitic plants sense
the presence of a host and begin their parasitic lifestyles;
(4) Quality of sandalwood with respect to different host
nutrition factors.
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