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Parmar University of Horticulture and Forestry, Solan, India

Introduction: Sandalwood (Santalum album L.) is categorized as vulnerable in
the IUCN Red list and is also an industrially important tree species valued for
its heartwood and aromatic oil. Sandalwood is a semi-root parasite tree that
relies on its host plants for its water and nutrient requirements. Therefore,
there is need to understand the growth and physiological interactions between
sandalwood and its hosts.

Methods: Sandalwood were planted with ten different host species viz., Syzygium
cumini, Punica granatum, Phyllanthus emblica, Melia dubia, Leucaena leucocephala,
Dalbergia sissoo, Casuarina equisetifolia, Citrus aurantium, Azadirachta indica and
Acacia ampliceps to assess the interactive effect on the change in growth and
physiology of both sandalwood and host tree species.

Results: The findings revealed that sandalwood grown with hosts D. sissoo
and C. equisetifolia showed higher growth performance, while among hosts,
S. cumini, followed by C. aurantium and L. leucocephala, showed better
growth and physiobiochemical traits. The stepwise regression analysis and trait
modeling indicated that the six traits, namely, plant height, photosynthetic rate,
relative water content, water potential, intercellular CO, concentration, and
total soluble protein, contributed greater growth in the sandalwood, while four
traits, namely, water potential, osmotic potential, leaf area, and total soluble
protein, contributed greater growth in the host species. The traits modeling
study predicted greater growth of sandalwood with the hosts D. sissoo and C.
equisetifolia, whereas among host species, prediction revealed greater growth
of S. cumini and C. aurantium.

Discussion: The study concluded that host—parasite interaction modulated
the growth and physiological processes in both sandalwood and hosts and
sandalwood plantations can be successfully developed with the hosts D. sissoo
and C. equisetifolia.

KEYWORDS

sandalwood, host species, plant-water relation, physiological processes,
osmoprotectants
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1 Introduction

Sandalwood (Santalum album L.) is the world’s second most
expensive tree that holds immense cultural, religious, and economic
importance across the Asian sub-continent. Globally, a total of 18
species of sandalwood have been documented that belong to the
genus Santalum, of which Indian sandalwood (Santalum album L.)
is the commercially most valuable species, which is well known for
aromatic oil derived from its heartwood. The demand for sandalwood
products, including oil, is increasing annually in both the
international and domestic markets (Kumar et al., 2012; Ramanan
Suresh et al,, 2020), and the future projection indicates an increase
in the global demand for sandalwood to 6,000 and 7,000 metric tons/
annum (Viswanath and Chakraborty, 2022). Moreover, at present, a
significant disparity exists between the demand and supply of
sandalwood, which creates tremendous pressure on harvesting of
this species from natural stands. Simultaneously, illegal felling,
smuggling, poor seedling establishment due to its parasitic nature,
lack of knowledge on the host-parasite relationship, and other
abiotic and biotic factors, etc., have greatly affected the natural
plantation of sandalwood, resulting in species being classified as
Vulnerable and included in ITUCN Red list category (Arunkumar
et al, 2019). Therefore, to fulfill the global demand for sandalwood
products and to preserve its precious natural reserves, gradually
more area needs to be brought under the sandalwood plantations.

In the past, sandalwood plantations were limited to natural forests;
however, high demand-fostered greater price of sandalwood has led
to species farming gaining huge popularity among the farming
communities across Asia, Africa, and Australia, especially in India
(Mishra et al., 2018). Since the last two decades, a huge expansion in
area under sandalwood cultivation has been reported due to its high
demand across the globe. Species can thrive in diverse climatic
conditions and can be integrated into agroforestry as they can provide
higher economic returns and conserve the natural environment
(Mishra et al., 2018; Srikantaprasad et al., 2021; Kumar et al., 2022a,b;
Verma et al., 2023a,b). However, the cultivation of semi-parasitic
sandalwood is more challenging compared to monoculture plantations
(Radomiljac et al., 1998). It obtains water, nutrients, and minerals
from the host plant via haustorium (Kuijt, 1969). Haustorium is a
complex set of physiological and structural linkages that connects the
conductive system of phloem, xylem, or both, assisting parasitic plants
by supplying water and minerals from the host (Yoshida et al., 2016).
Moreover, the growth performance of sandalwood is influenced by the
physiological activity of its hosts. Therefore, it is crucial to have a
comprehensive understanding of parasitism ecology; particularly, the
understanding between parasite and host is paramount to identify the
suitable host, which is the most important strategy for the successful
establishment of sandalwood plantations (Surendran et al., 1998).

Sandalwood has been found parasitizing on a wide range of plants
(300 species) ranging from grasses to trees (Nagaveni and
Vijayalakshmi, 2003). Among the host species, Azadirachta indica
(Nagaveni and Vijayalakshmi, 2003), Dalbergia latifolia and Syzygium
cumini (Guleria, 2013), Acacia nilotica and Melia dubia (Padmanabha
et al, 1988), Leucaena leucocephala (Guleria, 2013), Casuarina
equisetifolia (Nagaveni and Vijayalakshmi, 2003; Rocha et al., 2014),
and Acacia hemignosta, A. ampliceps, and Melia azedarach (Radomiljac
etal,, 1998) were observed to be the most suitable host tree species in
terms of maintaining the growth as well as biomass accumulation of

Frontiers in Forests and Global Change

10.3389/ffgc.2024.1395394

sandalwood, but there is a dearth of knowledge regarding the
physiological responses of sandalwood to diverse host species.
Simultaneously, during the parasitism process, several growth and
physiological alterations occur in the host species (Rocha et al., 2014),
and at present, information about such is completely lacking.
Moreover, parasite sandalwood induces several growth and
physiological alterations in host species, which is one of the main
hindrances in the successful establishment of sandalwood plantations;
however, no systematic information on such interaction is available.
Interaction inducing a favorable change in both sandalwood and host
could be helpful in devising cultivation and management practices as
well as could provide insight into the potential host trees that could
support sandalwood throughout its lifespan (Lion, 2017; Rocha and
Santhoshkumar, 2022).

Most of the previous studies were limited to screening of host
species and assessing the influence of diverse tree host species on
the growth and morphology of sandalwood. However, rarely any
investigation is available that has reported the physiological
response of both sandalwood and host species during their
interaction process. We hypothesized that the parasite network
process induces several changes in the growth and physiological
response of hosts, thereby potentially influencing the growth and
physiological processes of the sandalwood. The specific objectives
of the study were (i) to systematically evaluate the response of
growth and physiological processes involved in the complex
interactions between host species and sandalwood and (ii) to
identify potential traits that can greatly affect the performance of
both sandalwood and host. Overall, this investigation aimed to
explore host-specific compatibility by analysing alterations in
growth, biochemical, and physiological traits of both host plants
and sandalwood, which will aid in devising the best possible
cultivation and management practices for the sandalwood.

2 Materials and methods

2.1 Experimental location and trial
establishment

The present experiment was carried out at the ICAR-CSSRI
in Karnal, Haryana, India (29° 42" 30'* N and 76° 57" 12'" E,
with an elevation of 282 m above mean sea level). The study area
exhibits a semi-arid, subtropical, monsoonal climate marked by
significant temperature variations that range between 32.7°C and
42.8°C during summer and 3.4°C and 10.8°C during winter. The
region receives annual rainfall ranging between 700 and 800 mm.
The seeds of sandalwood were obtained from the Institute of
Wood Science and Technology (IWST), Bangalore, and sown in
germination beds during May 2020. The germinating seedlings
were pricked from germination beds and transferred to polybags
(6” x3”) containing soil: FYM: sand in the ratio of 1:1:1. The
planting material of host species was brought from the local
private nurseries. The healthy plants of both sandalwood and
host species were considered for the present investigation.
Furthermore, 6-month-old seedlings of sandalwood were planted
with ten host species, i.e., Syzygium cumini, Punica granatum,
Phyllanthus emblica, Melia dubia, Leucaena leucocephala,
Dalbergia sissoo, Casuarina equisetifolia, Citrus aurantium,
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TABLE 1 Information about the host species considered for the present study.

10.3389/ffgc.2024.1395394

Host English name  Family References

Acacia ampliceps Salt wattle Fabaceae Radomiljac et al. (1998), Guleria (2013), Padmanabha et al. (1988), and Brand et al. (2000)

Azadirachta indica Neem Meliaceae Nagaveni and Vijayalakshmi (2003) and Parthasarathi et al. (1974)

Citrus aurantium L. Bitter orange Rutaceae Singh et al. (2018)

Casuarina equisetifolia Whistling pine Casuarinaceae Nagaveni and Vijayalakshmi (2003), Padmanabha et al. (1988), Rocha et al. (2014, 2017), and
Singh et al. (2018)

Dalbergia sissoo Shisham Fabaceae Guleria (2013), Padmanabha et al. (1988), and Ouyang et al. (2016)

Leucaena leucocephala Suabul Fabaceae Guleria (2013)

Melia dubia Malabar Neem Meliaceae Padmanabha et al. (1988)

Phyllanthus emblica Indian gooseberry Meliaceae Nagaveni and Vijayalakshmi (2003)

Punica granatum Pomegranate Lythraceae Singh et al. (2018)

Syzygium cumini Jamun Myrtaceae Parthasarathi et al. (1974)

Azadirachta and control

(sandalwood alone) during October 2020. The selection of the

indica and Acacia ampliceps,

host species in the study was evidenced from the previous
empirical investigations, indicating their efficacy as suitable hosts
for sandalwood (Table 1). After 2 months, the nursery host was
completely removed to allow haustorial connections of
sandalwood with the hosts except for the control. The experiment
was conducted under pothouse conditions to exclude the effect
of rainfall. Pothouse has optimum growing conditions with light
intensity (PAR) of 600 flux, relative humidity >60%, temperature
of 25-30°C, and CO, concentration of 400 ppm. Surprisingly,
except for control (sandalwood alone), sandalwood grown with
selected host plants had a 100% survival rate.

2.2 Experiment detail

In the present experiment, 50 plants each of sandalwood and
10 different host species were transplanted in 15-kg capacity plastic
pots during October 2020. The growing media of plastic pots
contained Soil: FYM: sand in the ratio of 6:3:1. A spacing of 10 cm
was maintained between the host plant and sandalwood to allow
the formation of haustorial connections. During the nursery stage,
sandalwood necessitates a primary host, transitioning to a long-
term secondary host under field conditions. Therefore, while
transplanting, nursery host Alternanthera spp. was also planted
with secondary hosts to ensure proper establishment of the
sandalwood; 500 mL of irrigation water was provided to pots every
day during October-November and February-March and
alternatively during December-January. The irrigation requirement
was calculated based on the soil volume and characteristics, and
uniform irrigation was provided to all the plants during the entire
experiment period. A standard dose of fertilizers (1 g of NPK per
plant) along with a Hoagland solution for micronutrients was given
to maintain the growth of plants (Bose et al., 2022). The weeding
operations were carried out weekly. The suitability of the host for
sandalwood was assessed by comparing the growth and
physiological attributes of sandalwood as well as the host species.
The data were recorded during March 2021, i.e., after 6 months of
the transplantation.
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2.3 Observations recorded

2.3.1 Plant growth

The plant height (cm) of both the sandalwood and host plants was
recorded from the base to the apical shoot using a measurement scale.
The collar diameter of both sandalwood and host plants was assessed
using a vernier caliper. Leaf area measurements were conducted using
a “Portable Laser leaf area meter—CI-202” (Verma et al., 2023a).

2.3.2 Plant—water relation

The plant-water relation parameters, namely, osmotic potential,
water potential, and relative water content (RWC), were assessed in
both sandalwood and host plants. For estimation of the RWC, fully
expanded leaves derived from the middle portion of the plant were
harvested during the morning timeframe between 9:00am and
10:00am and were then promptly conveyed to the laboratory in a
sealed polythene bag. The leaves were cut into five-leaf disks of 1 cm
diameter each, and fresh leaf weight (FLW) was recorded. After that,
leaf disks underwent a 4-h immersion in distilled water to estimate the
turgid leaf weight (TLW). After this hydration period, the leaf dry leaf
weight (DLW) was recorded post-drying and RWC was executed
using the formula (Turner, 1981):

FLW -DLW o
TLW - DLW

RWC = 100

For the determination of water potential (y,), the fresh leaves
(1 g) were finely chopped and ., was measured on WP4C Dewpoint
Potentiometer (METER Group, Inc., United States) (Haghverdi et al,,
2020) and expressed as -MPa. Furthermore, the osmotic potential (y)
was ascertained utilizing the methodology outlined by Cuin et al.
(2009), which measures osmolality (c) using the Vapor Pressure
Osmometer (Model 5,600, ELITech Group, Belgium). The fresh leaves
(1g) were frozen at —20°C, crushed and squeezed to extract the sap.
A 5L aliquot of the sap was taken to measure the osmolality on the
osmometer and subsequently transformed to osmotic potential using
the Van't Hoff equation (Hessini et al., 2019).

ws (MPa)=—cx2.58x 1073
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2.3.3 Physiological processes

For the determination of chlorophyll content, a 200 mg of leaf
sample was placed in a test tube containing 10mL acetone and
incubated overnight, and on the subsequent day, the optical density
was measured at 645 and 663 nm utilizing UV spectrophotometer
(double beam) (Yoshida et al., 1976) and expressed in milligrams per
gram fresh weight (FW). The LI-6800 portable photosynthesis system
with a standard 6cm? leaf chamber (LI-COR, Inc., Lincoln, NE,
United States) was used for the measurement of net rates of leaf
photosynthesis, intercellular CO, concentration, transpiration,
stomatal conductance, and vapor pressure deficit (VPD, KPa) during
09:00am to 11:00am on 2 consecutive sunny days. Cuvette conditions
were regulated at an ambient CO, concentration of 400 ppm, relative
humidity >60%, a photosynthetic photon flux density of

1

1,000 pmol m™ s7', and leaf temperature of 25°C (Kumar et al., 2018,
2019). The uniform and fully expanded leaves of host plants and

sandalwood were considered for measuring the gas exchange attributes.

2.3.4 Osmoprotectants

Various osmoprotectants, including total soluble sugars (TSS;
Yemn and Willis, 1954), proline content (Bates et al., 1973), and
protein content (Bradford, 1976), were measured. For estimation of
TSS, a 100 mg sample was extracted in 2.5 mL of 80% ethanol, followed
by centrifugation at 10,000rpm for 10min at 4°C. The resulting
supernatant (10pL) was mixed with anthrone reagent (5mL),
incubated at 100° C for 10min and absorbance (using a UV
spectrophotometer) was recorded at 620nm. For proline
determination, 200mg of fresh leaves were homogenized in 3%
sulphosalicylic acid (5mL) and centrifuged (10,000 rpm for 10 min at
4°C). Subsequent supernatant mixed with glacial acetic acid and acid
ninhydrin reagent (2mL each), incubated (100°C for 60 min), and
subjected to cooling after which toluene (4mL) was added and
phase on UV

spectrophotometer) recorded at 520nm. Using a standard curve

vortexed and absorbance (using upper
drawn with various L-proline concentrations, the proline content was
determined. For protein estimation, the 100 L supernatant was taken
from TSS estimation and added to Bradford reagent (3 mL) taken in a
test tube. The sample was then mixed thoroughly by Vortex and
absorbance (using a spectrophotometer) was recorded at 595nm

(Bradford, 1976).

2.4 Statistical analysis

The present study was conducted in a randomized complete
block design with five replicates to find out the best suitable host
plant species for sandalwood. The normality of each variable was
assessed through the Shapiro-Wilk (W) test using Q-Q plots of
residuals. Variables found to deviate from normality underwent
appropriate transformations. Subsequently, multiple comparison
analysis was performed using Tukey’s HSD test to discern the
significant differences in various parameters of sandalwood and
hosts at a 5% significance level. Crucial morpho-physiological
traits were individually prioritized for both hosts as well as
sandalwood, and predicted responses of growth diameter of host-
sandalwood associations and host species were modeled through
a stepwise regression approach (backward elimination) in STAR
statistical software (IRRI, 2022).
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Y=a+ X1+ Xo+ 3 X3 i+ B X

where a is indicate the intercept.

By (i=1,... k), = partial regression coefficients.

Thus, in this multiple linear functional equation with k
independent variables (traits), the presence of f3, (i.e., # 0) indicates
the dependence of Y on X.. The test of significance of each f; for
respective variables was performed through a t-test (Gomez and
Gomez, 1984). The modeled equations were fitted to select the best
host—parasite interaction, in which regression coefficients (fs) of
individual traits significantly associated with higher diameter growth
of sandalwood diameter were considered as weighted coefficients.

3 Results

3.1 Growth attributes of sandalwood and
host species

The result demonstrated that the host species induced
variability in the growth of sandalwood. Sandalwood exhibited
significant (p <0.05) differences in plant height, collar diameter,
and leaf area of the sandalwood. Results explained that the
diameter increment of sandalwood was recorded maximum
(p<0.05) with host D. (4.04mm), followed by
C. equisetifolia (4.0l mm) and S. cumini (3.64 mm) hosts, and

$iss00

minimum with the host C. aurantium (3.02mm) (Figure 1A).
However, among the host plant species, the highest (p <0.05)
collar diameter was recorded in S. cumini (8.64 mm), followed by
C. aurantium (6.83 mm), whereas the lowest collar diameter was
recorded in C. equisetifolia (4.18 mm). Results further showed the
significant (p <0.05) effect of host plant species on plant height
in sandalwood which ranged between 42.25 cm (A. ampliceps)
and 61.95cm (P. emblica) (Figure 1B). Among the host species
(Figure 1B), the maximum (p <0.05) plant height was observed
in D. sissoo (97.95cm) followed by P. granatum (94.00 cm),
L. leucocephala (90.50 cm), and the minimum plant height was
recorded in M. dubia (43.55 cm). Results further explained the
non-significant (p <0.05) effect of different host species on the
leaf area of sandalwood, whereas host plant species displayed
significant variations (p<0.05) in leaf area, which ranged
between 0.48 (C. equisetifolia) and 27.70 cm? (S. cumini) with a
mean value of 10.52 cm? (Figure 1C).

3.2 Plant water relation of sandalwood and
host

The result showed that the host species induced differences in
plant water relation of sandalwood. The highest (p <0.05) relative
water content (RWC) in sandalwood was recorded with host
L. leucocephala (89.57), whereas its lowest value was observed with
host A. ampliceps (73.85) (Table 2). Among the host species, A. indica
(89.00) possessed the highest (p <0.05) RWC, whereas C. aurantium
(71.49) and C. equisetifolia (67.30) possessed the lowest value to
RWC. In contrast, the host did not display any significant (p >0.05)
impact on the water potential (yw) of sandalwood while the water
potential of host species varied from —0.97 MPa (A. ampliceps) to
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FIGURE 1

Collar diameter (A), plant height (B), and leaf area (C) of sandalwood
and host species. Bars followed by different letters (*¢- etc.) indicate
statistically significant differences.

—1.26 MPa (A. indica). The osmotic potential (ys) of sandalwood is
affected by different host species was ranged from a maximum of
—1.78 MPa (P, granatum) to a minimum of —1.30 MPa (C. aurantium),
whereas in host plants the maximum value of ys was observed in
P. emblica (—1.57MPa) and minimum in D. sissoo (—1.08 MPa).
Furthermore, host plants affected (p <0.05) the vapor pressure deficit
(VPD) in the sandalwood, which was observed highest with host
P, granatum (1.39 MPa) followed by S. cumini (1.36 MPa), P. emblica
(1.33MPa), L. leucocephala (1.15 MPa), and C. equisetifolia (1.09 MPa)
and minimum with host D. sissoo (0.12MPa) (Table 2). Similarly, in
host plant species, significantly (p <0.05) highest VPD was noted in
C. equisetifolia (3.43MPa) followed by C. aurantium (3.33 MPa),
L. leucocephala (3.16 MPa), and S. cumini (3.08 MPa), and minimum
VPD was observed in D. sissoo (2.00 MPa).
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3.3 Chlorophyll and gas exchange
attributes of sandalwood and host

The findings indicated that the host species induced variations in
chlorophyll and gas exchange characteristics of sandalwood while no
change in photosynthetic rate and stomatal conductance of
sandalwood were observed. Particularly, there were significant
(p<0.05) differences in the chlorophyll content in sandalwood leaves
ranging from 0.91 to 1.43mgg™" (Table 3), which was observed in the
order of C. aurantium>D. sisso0>S. cumini>P. granatum>
C. equisetifolia>M. dubia=P. emblica>A. ampliceps>A. indica.
Similarly, chlorophyll content in host plant leaves was recorded
maximum (p<0.05) in C. aurantium (2.04mgg™"), followed by
C. equisetifolia (1.94mgg™"), P. granatum (1.81mgg™"), P. emblica
(1.78mgg™), A. indica (1.78 mgg™), and S. cumini (1.70mgg™") host
species and minimum in D. sissoo (0.92mgg™"). Furthermore, the
present results explained that the host plant exerted a non-significant
(p=>0.05) impact on the stomatal conductance and photosynthetic
rate of sandalwood (Table 3). In contrast, host plant species displayed
a significant (p <0.05) difference in photosynthetic rate, which was
recorded highest in A. ampliceps (8.56 pmolm™ s™") followed by
A. indica, M. dubia, and S. cumini and lowest in C. equisetifolia
(1.69pmolm™ s7'). Similarly, host D. sissoo showed maximum
(p<0.05) stomatal conductance of 9.27 mol H,O m™*s! followed by
A. ampliceps, M. dubia, L. leucocephala, A. indica, S. cumini, and
P, granatum, in decreasing order. Results further showed that the host
plant contributed significantly to variations in the transpiration rate
of sandalwood, which was observed at maximum (p <0.05) with host
D. sissoo (4.09 mmolm™s™") and P. granatum (4.09 mmolm~s™') and
minimum (p <0.05) with P emblica (2.47 mmolm™s™") (Table 3). In
host plants, the transpiration rate remained non-significant (p > 0.05)

2 57! (D. sisso0) to 2.73mmolm™ s~

ranging from 0.70 mmolm™
(M. dubia). Similarly, the intercellular CO, concentration in
sandalwood plants was observed to be highest (p<0.05) with
A, ampliceps (328.51 pmolmol™), followed by A.
(307.32 pmol mol™), C. aurantium (296.41 pmolmol™), D. sissoo
(273.17pmolmol™), P emblica (263.01 pmolmol™), M. dubia

(255.06 pmolmol™) hosts, and minimum with host S. cumini

indica

(249.89pmolmol™). In host plant species, the intercellular CO,
concentration was recorded as maximum (p <0.05) in C. aurantium
(p<0.05) cumini

(338.66pmolmol™) and minimum in S

(222.62 pmol mol™).

3.4 Osmolyte accumulation in sandalwood
and host

The results revealed that the host species induced significant
(p £0.05) variations in proline content accumulation in sandalwood
among the different osmolytes studied. Sandalwood showed
non-significantly (p > 0.05) maximum total soluble sugar with host
species A. indica (1.37 mgg™') whereas minimum with A. ampliceps
(0.81mgg™'). Conversely among the host species, significantly
(p<0.05) higher total soluble sugar was found in A. ampliceps
(1.63mgg™), followed by C. aurantium (1.21mgg™"') and
P granatum (1.21mgg™") and minimum in C. equisetifolia
(0.72mgg™"). Furthermore, the proline content in sandalwood
leaves was observed highest (p <0.05) with host L. leucocephala
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TABLE 2 Plants—water relations of sandalwood and host species.

Host species Relative water

Water potential (MPa)

Osmotic potential Vapor pressure

content (MPa) deficit (MPa)
H H H S H
Acacia ampliceps 73.85" 80.84"%¢ -1.13 —0.97* —1.32% —1.09% 0.41°" 2.92¢
Azadirachta indica 87.40% 89.00* -1.33 —1.26° —1.548¢ —1.345¢P 0.57¢P 2.56"
Citrus aurantium 87.18* 71.49%¢ —0.96 —1.0948¢ —1.30% —1.25" 0.53P 3334
Casuarina equisetifolia 86.64" 67.30¢ —1.20 —1.23¢ —1.50% —1.42° 1.094% 3.434
Dalbergia sissoo 87.49* 77.3348¢ -1.33 —0.994% —1.60" —1.08* 0.12% 2.00"
Leucaena leucocephala 89.574 79.6945¢ —1.20 —1.25¢ —1.72% —1.42° 1.15%% 3.16%5¢
Melia dubia 86.00* 83.944% —-1.18 —1.1448¢ —1.35% —1.25%¢ 0.845¢ 2.07°
Phyllanthus emblica 88.05" 79.9448¢ —-1.23 —1.22¢ —1.54"%¢ —1.57" 1.33% 2.30°"
Punica granatum 89.014 82.4248¢ -1.33 —1.23¢ —1.78° —1.388¢P 1.39* 2.96°
Syzygium cumini 88.42% 73.6045¢ —-1.31 —1.17%¢ —1.67°" —1.38P 136" 3.08"¢
Mean 86.36 78.56 —-1.22 -1.15 -1.53 -1.32 0.88 2.78
CDyos) 8.44 1655 NS 0.19 0.08 0.13 0.36 0.34

Mean followed by different letters (**“ etc.) indicate statistically significant differences (S: Sandalwood; H: Host; NS: non-significant).

TABLE 3 Gas exchange attributes of sandalwood and host species.

Host species Chlorophyll Photosynthetic Stomatal Transpiration rate Intercellular CO,
content (mgg™)  rate (umolm=2s) conductance (mmolm=—2s) concentration
(mol H,O m=2s7Y) (pmolmol™)
H H H S H

Acacia ampliceps 0.91%¢ 1.46° 3.76 8.56 3.30 9.06* 2.524 273 328,514 315,174
Azadirachta indica 0.80° 1.78* 4.29 6.44" 6.56 6.724C0 2.66* 1.64 307.324 247.98°%
Citrus aurantium 1.434 2,044 3.03 2.05¢ 5.63 3.798CP 273 1.75 296.41° 338.66"
Casuarina

1.06* 1,944 3.30 1.69¢ 3.48 335 333* 1.80 217.05"¢ 227.74"%
equisetifolia
Dalbergia sissoo 1.24% 0.92° 422 3.83% 3.06 9.274 4.09* 0.70 273.174% 305.144%¢
Leucaena

0.80° 0.97" 530 3.91% 6.16 7.6048CP 3.05% 2.47 220.60% 265.49PCPF
leucocephala
Melia dubia 0.95"¢ 1.46° 4.53 4.83% 5.96 8.294¢ 2.48* 1.96 255.064C 287.6848C°
Phyllanthus

0.95" 1.78* 3.87 251¢ 3.46 2917 2474 1.01 263.0145¢ 318.85%
emblica
Punica granatum 1184 1.814° 439 3,39 371 5,3948CD 4.09* 1.90 188.59¢ 274,95%CPF
Syzygium cumini 1.22% 1.70%¢ 3.18 4.12%¢ 3.36 5,630 4,074 2.06 249.8945¢ 222.62"
Mean 1.05 1.59 3.99 4.13 4.47 6.20 3.15 1.80 259.96 280.43
CD 05 036 0.29 NS 3.42 NS 5.38 1.72 NS 79.57 63.34

Means followed by different letters (**“ etc.) indicate statistically significant differences (S: sandalwood; H: host; NS: non-significant).

(37.49pgg™") followed by M. dubia (34.57pgg™") and lowest
(p<0.05) with host C. equisetifolia (14.93 pgg™"). Similarly, among
the host plant species, M. dubia (24.73 ugg™") possessed the highest
(p<0.05) proline content followed by C. aurantium (17.54pgg™")
and C. equisetifolia (16.22 pgg™"), and the lowest (p <0.05) proline
was recorded in P. emblica (7.1pgg™"). On the other hand, host
plants did not (p>0.05) affect protein content in sandalwood,
which ranged from 7.70mgg™ (P. emblica) to 12.85mgg™"
(A. indica), whereas in host plant the significantly (p <0.05) highest
protein content was recorded in A. ampliceps (15.75mgg™") and
minimum with P. emblica (6.86 mgg™") (Table 4).
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3.5 Traits modeling in sandalwood and host
plants through multiple regression approach

Plant water traits, gas exchange attributes, and osmolytes play a
significant role in determining the host response to sandalwood.
Magnitude of traits toward the host—parasitic relationship was identified
through multiple regression approach. Analysis showed that six traits
(plant height, total soluble protein, intercellular CO, concentration,
relative water content, photosynthetic rate, and water potential) of
sandalwood; while, four traits (water potential, osmotic potential, leaf
area, and total soluble protein) of host plants induced significant
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TABLE 4 Osmolyte accumulation in sandalwood and host species.

Protein content (mg g?)

Proline content (pgg)

Host species Soluble sugars (mg g?)

S H S H ) H

Acacia ampliceps 0.81 1.63* 21.16¢ 7.708 12.61 15.75%
Azadirachta indica 1.37 1.16" 22.33% 9.43P¢ 12.85 12,1548
Citrus aurantium 131 1.21° 22.87%¢ 17.54° 9.33 9.854°
Casuarina equisetifolia 1.09 0.72¢ 14.93¢ 16.225¢ 12.30 113748
Dalbergia sissoo 1.06 0.90%¢ 18.91¢ 10.33°P% 12.53 11.024%
Leucaena leucocephala 1.10 1.12° 37.49% 9.08"F 11.50 9.78"%
Melia dubia 1.21 0.97%¢ 34.5748 24.734 13.34 11.98"%
Phyllanthus emblica 1.27 0.90%¢ 18.71¢ 7.10" 7.70 6.86"
Punica granatum 1.01 1.21° 22.27%¢ 12.27PCPE 8.23 7.56"
Syzygium cumini 1.05 0.99%¢ 19.56¢ 14.555P 8.36 8.884%
Mean 1.13 1.08 23.28 12.90 10.88 10.52
CDyos) NS 035 12.68 6.77 NS 7.99

Means followed by different letters (*» etc.) indicate statistically significant differences (S: sandalwood; H: host; NS: non-significant).

TABLE 5 Significance of traits magnitude toward diameter growth of
sandalwood associated with different host plants.

TABLE 6 Significance of traits magnitude toward diameter growth of
host species.

Variables Regression Std. tvalue Pr(>|t]) Variables Regression Std.  tvalue Pr(>|t])

coefficients (B;) error coefficients (B) = error
(Constant) 4305 1.759 2447 0.029 (Constant) 3.768 2.288 1.647 0.120
PH 0.047 0.011 4330 0.001 WP ~11.757 2757 | —4.264 0.001
WP ~1378 0480 | —2.867 0.013 oP 8.460 2332 3.628 0.0002
RWC —0.042 0018 | —2.383 0.033 LA 0.144 0.021 6.942 0.000
Pn —0.204 0070 | —2.898 0.012 TSP —0.159 0072 | —2.196 0.044
Ci —0.005 0002 | —2.903 0.012 Model fitted: DBH ~ 3.768+ (—11.757) WP + (8.46) OP+ (0.144)
TSP 0.070 0.023 3.020 0.010 LA +(-0.159) TSP

Model fitted: DBH ~4.305+ 0.047 PH +(—1.378) WP+ (—0.042)

RWC + (=0.204) P+ (=0.005) Ci+0.070 TSP sandalwood. The highest growth of sandalwood with P emblica

differences in the growth performance of sandalwood (Tables 5, 6).
Consequently, these traits were included in sandalwood diameter growth
modeling to predict the sandalwood response with respect to host species
in different host plant associations. Furthermore, on the basis of diameter
growth modeling, host species were prioritized on the basis of predicted
growth response of growth diameters.

Overall, results showed that Casuarina equisetifolia followed by
Dalbergia sissoo is the best host for sandalwood. However, among the
host species Syzygium cumini followed by Citrus aurantium is best
with respect to their growth performance (Tables 7, 8).

4 Discussion

Sandalwood is a semi-root parasite plant that depends on the host
plants for water and nutrient requirements. Consequently, a large
number of growth and physiological process occurring in both
sandalwood and host species govern their performance under a
particular set of conditions. The present results revealed significant
differences in plant height, collar diameter, and leaf area of the
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followed by D. sissoo and C. equisetifolia might have resulted from the
better association of sandalwood with these hosts. The varied growth
pattern of sandalwood with different host have been extensively
studied (Rocha et al., 2014; Doddabasawa et al., 2020; Sahu et al.,
2021), which suggested that the performance of sandalwood is
governed by the characteristics of the different host plants
(translocation of mineral nutrients and water, slow growth rate, and
lateral root system) and the competition for above-ground resources,
including light (Rocha et al., 2014). Specifically, the sandalwood roots
not only absorb water and nutrients from the host plants, but also
control the host plant roots and effectively regulate the supply of water
and nutrients (Verma et al., 2023a,b), thereby regulating various
growth processes in the sandalwood. Simultaneously, host requirement
and the growth stage of host introduction have also a substantial
impact on the development of sandalwood (Ramya, 2010), which
indicates that sandalwood growth and development are regulated by
the selected host species.

In the current investigation, the plant water traits, such as RWC,
osmotic potential (ys), and vapor pressure deficit (VPD) of sandalwood,
were higher with hosts L. leucocephala and P. granatum. The host-wise
variation in plant water traits of sandalwood suggests the difference in
the water absorption by both sandalwood and host plants. Rocha et al.
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Model fitted: DBH ~4.305+ 0.047 PH +(—1.378) WP+ (—0.042) RWC + (—0.204) Pn + (—0.005) Ci+0.070 TSP
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Where DBH, collar diameter; PH, photosynthetic rate; RWC, relative water content; WP, water potential; C; intercellular CO, concentration; TSP, total soluble protein.
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(2014) also reported that host species induced variation in plant water
of sandalwood, and they showed that the host Casuarina equisetifolia
has a higher water potential than the sandalwood (without host).
However, sandalwood could adjust its water and osmotic potential as
well as relative water content either by accumulating osmotically active
chemicals or by maintaining the xylem-to-xylem connection with host
plants. Such processes could lead to the enhancement in turgor to
facilitate the water uptake in plants (Dhaniklal, 2006; Rocha et al., 2014;
Kumar et al, 2021). Results further revealed that among different host
species, A. indica, L. leucocephala, and C. equisetifolia showed the
highest value for RWC, s, and VPD, respectively. The species-specific
differences in morphology of total number of leave and roots biomass,
etc., might be responsible for variation in plant-water relations in these
species. Mielke et al. (2005), Johnson et al. (2009), Klein (2014), and
Leuschner et al. (2019) have provided substantial evidence supporting
the existence of species-specific variations in plant-water relations,
which indicates that plant-water relations in sandalwood are governed
by the type of host species as latter is responsible for maintaining the
plant water status of the former.

Furthermore, results revealed that, C. aurantium as a host of
sandalwood as well as individually showed the maximum chlorophyll
content in the leaves, indicating that citrus might be absorbing a
greater quantity of minerals responsible for the formation of higher
chlorophyll content on its own as well as in sandalwood leaves (Rocha
et al.,, 2014; Doddabasawa et al., 2020). The host-wise difference in
chlorophyll content of sandalwood suggests species-wise differences
in the absorption of substances responsible for initiating the synthesis
of chlorophyll in the leaves (Coste et al., 2010; Li et al., 2018; Leuschner
etal, 2019). Furthermore, the non-significant (p >0.05) effect of host
plant on both the photosynthetic rate and stomatal conductance of
sandalwood suggests species ability to maintain both these processes
equally, irrespective of types of host species. Moreover, despite
influence of the hosts, sandalwood can adjust activities of chlorophyll,
RuBPase, and stomata under the prevailing environmental conditions
(Balasubramanian et al,, 2021). Furthermore, Rocha et al. (2014)
showed that the lower content of nitrogen and chlorophyll and the
altered RuBPase activities were responsible for decline in the
photosynthetic rate of sandalwood. The species (host) wise differences
in light utilization efficiency, stomata closure, and CO, absorption in
chloroplasts were major causes of differences in their photosynthetic
rate (Kumar et al., 2016; Sheoran et al., 2021; Soni et al., 2021).

The host plant also induced differences in transpiration rate of
sandalwood, which was observed maximum (p <0.05) with host
D. sissoo, suggesting that despite providing uniform irrigation to all
plants, the host induced differences in the transpiration rate of
sandalwood, which can be attributed to the substantial disparity in
driving forces responsible for the movement of water from the soil-
to-leaf system and leaf-atmosphere interface. Moreover, from the
physiological point of view, vaporpressure is sought to play a key
role in the rate of water flow and transpiration (Zhang et al., 2017).
It has also been reported that sandalwood for its survival produces
high transpiration rates through uncontrolled stomata to maximize
water loss and generate a water potential gradient and sink strength
even larger than the host to extract the crucial resources from it
(Liu et al., 2003; Grewell, 2008). Furthermore, the ‘resistance of host
to xylem solute transfer, as well as its stomatal response, also
influences the maintenance of solute flow from host to parasite
(Jiang et al., 2003). The highest intercellular CO, concentration in
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TABLE 8 Prioritization of host species through the predicted response of the diameter growth of the host.

Sandalwood Constant = -11.757 846 x -0.144x -0.159 Predicted Rank Actual Rank
host (9] x WP OP LA x TSP diameter diameter

Acacia ampliceps 11.40 -9.22 172 —-2.50 5.17 9 4.59 9
Azadirachta indica 14.76 -11.34 0.71 -1.93 5.97 5 6.10 5
Citrus aurantium 12.76 —10.53 2.28 -1.57 6.70 2 6.83 2
Casuarina equisetifolia 14.40 -11.97 0.07 —-1.81 4.46 10 4.18 10
Dalbergia sissoo 11.64 -9.14 1.26 -1.75 5.78 6 5.94 6
Leucaena leucocephala 3708 14.70 -11.97 1.29 -1.55 6.23 4 6.62 3
Melia dubia 13.40 —10.58 0.68 -1.90 537 8 5.78 7
Phyllanthus emblica 14.28 —13.28 1.87 —-1.09 5.55 7 5.30 8
Punica granatum 14.40 —11.63 1.29 -1.20 6.62 3 6.29 4
Syzygium cumini 13.76 —11.67 3.99 —1.41 8.43 1 8.64 1
Model fitted: DBH ~3.768+ (—11.757) WP +8.46 OP +0.144 LA + (—0.159) TSP

Where DBH, collar diameter; WP, water potential; OP, osmotic potential; LA, leaf area; TSP, total soluble protein.

sandalwood plants with the host A. ampliceps and individually in
C. aurantium resulted from species-specific differences in the
absorption of CO,. Similarly, Annapurna et al. (2006) also observed
host species effects on physiological processes of sandalwood and
reported that hosts D. sissoo maintained higher RWC along with the
higher photosynthetic rate, stomatal conductance, and
transpiration, compared to rest of the host species, which might
have contributed to the higher growth of sandalwood. Therefore,
the type of relationship between parasite and host is one of the most
important aspects in terms of intake and translocation of mineral
nutrient, as well as maintenance of physiological efficiency (Shen
et al., 2006; Kumar et al., 2016).

Moreover, in the current study, sandalwood showed maximum
(p<0.05) production of total soluble sugar with host A. ampliceps. The
greater production of specific organic solutes (osmolytes) aids in
maintaining the plant water status and photosynthesis as well as
safeguarding the cellular machinery against harmful substances (Lata
et al, 2019; Kumar et al, 2021). Moreover, during the transfer of
nutrients from host to the parasite, potentially hazardous chemicals and
disease infections may pass through the haustoria, causing stress in the
parasitic plants that contribute to an increase in the production of
osmolytes (Zagorchev et al., 2021). Among the host species, A. indica
showed maximum total soluble sugar, suggesting an increase in total
sugar might contribute to greater production of biomass in the species.
Similarly, Zhou et al. (2021) reported that the soluble carbohydrate
accumulation acts as a source of energy for branch sprouting, elongation,
and thickening. Moreover, the soluble carbohydrate is sought to have a
key role in the acquisition of solute by reducing the y,, of hemi- parasite
and facilitating the flow of salute from the host that might have
substantial ramifications for the host-parasite system. Furthermore,
these might help to counterbalance the excessive inorganic ion
concentrations in vacuoles and improve the stability of membranes and
enzymes (Karakas et al, 1997; Pooja Nandwal et al., 2019). The higher
soluble sugar concentrations have been reported to also alter the
nutrient availability in hemiparasitic plants (Gomes and Adnyana, 2017).

Proline accumulation is a key physiological indicator of signaling
regulatory molecules in plants that trigger a variety of responses during
the adaptation process. Our result suggested that sandalwood

accumulates higher proline content with host L. leucocephala, compared
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to the rest of the host species, indicating the better adaptability of
sandalwood with this host. Moreover, an increase in proline content will
eventually promote the synthesis of protein and the development of cells
and will provide nitrogen and carbon needed for them to expand and
energy use (Bell and Adams, 2011; Christgen and Becker, 2019). However,
results showed non-significant influence of host plants on the protein
content in sandalwood. This was due to the greater change in cellular
soluble protein content occurring only under stress conditions. Moreover,
the increased protein accumulation indicates the preservation of nontoxic
useable forms of cellular N that aids in the re-establishment of C and N
balance by utilizing carbon from photosynthesis and glycolysis (Chen
et al, 2017). Physiologically, changes in metabolite concentrations
typically occur in trees before the appearance of any visible symptoms,
and the changes in nitrogen metabolism are inextricably linked to
changes in carbon metabolism (Minocha et al., 2019).

5 Conclusion

The current investigation provided detailed insight into the
simultaneous changes in the growth and physiology of both
sandalwood and different host species during the host-parasite
interaction process, thereby enhancing our understanding of the
physiological and biochemical aspects involved in this complex
interaction. In conclusion, sandalwood exhibited higher growth
performance when grown with hosts D. sissoo and C. equisetifolia,
while among host species, S. cumini, C. aurantium, and
L. leucocephala showed superior growth and physiobiochemical
traits. Moreover, plant height, water potential, relative water
content, photosynthetic rate, intercellular CO, concentration, and
total soluble protein were the major traits influencing the growth
of the sandalwood while only four traits, namely, water potential,
osmotic potential, leaf area, and total soluble protein favored the
growth of the host plants. The present finding will aid the
manipulation of physio-biochemical traits during host-parasite
interaction and based on the performance of traits during the
interaction process, the site-specific cultivation and management
practices could be devised to successfully establish and manage
the sandalwood plantations across the globe.
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