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Broomrape infestation in carrot 
(Daucus carota): changes in 
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carotenogenesis has been intensively studied in carrot roots, and transcriptional regulation is thought 
to be the major factor in carotenoid accumulation in these organs. However, little is known about 
the transcriptional regulation of carotenoid biosynthetic genes concerning carotenoid accumulation 
during infestation by the obligate parasite Phelipanche aegyptiaca. HpLc analysis revealed a decrease 
in carotenoid levels of the different carrot cultivars when parasitized by P. aegyptiaca. Besides, 
we isolated and analyzed P. aegyptiaca tubercles parasitizing the various carrot root cultivars and 
show that they accumulate different carotenoids compared to those in non-infested carrot roots. 
expression analysis of PHYTOENE SYNTHASE (PSY1) and CAROTENOID ISOMERASE (CRTISO) as well 
as the strigolactone apocarotenoid biosynthetic genes DWARF27 (D27), CAROTENOID CLEAVAGE 
DIOXYGENASE 7 (CCD7) and CCD8 revealed that their transcript levels showed significant variation in P. 
aegyptiaca infested carrot roots. After parasite infestation, the expression of these genes was strongly 
reduced, as were the carotenoid levels and this was more pronounced in the uncommon non-orange 
varieties. We also analyzed the parasite genes encoding D27, CCD7 and CCD8 and show that they are 
expressed in tubercles. this raises important questions of whether the parasite produces its carotenoids 
and apocarotenoids including strigolactones and whether the latter might have a role in tubercle 
development.

The parasitic weeds of the genera Orobanche, Phelipanche, and Striga (Orobanchaceae) are the most important 
agricultural weeds in many crops, particularly in carrot, tomato, sunflower, tobacco, and faba bean, causing sig-
nificant crop losses in many parts of the world1. These obligate root parasites are completely devoid of chloro-
phyll and consequently dependent on their host for supply of resources, including water, nutrients, proteins, and 
oligonucleotides2–5. The parasite development is divided into pre-parasitic and parasitic stages. The pre-parasitic 
stage starts with seed pre-conditioning followed by germination. The parasite seed germination is induced by 
molecules secreted into the rhizosphere by the roots of host plants called germination stimulant6. Germination 
stimulants for root parasitic plants have been isolated from host plant root exudates, and the majority of these 
natural compounds are carotenoid-derived strigolactones7,8. The parasitic phase begins with the penetration of 
the parasite haustorium connecting to the host vascular tissues. The haustoria are responsible for host attachment, 
penetration and resource acquisition9. The parasite first develops a tubercle, which gives rise to a flowering spike 
that emerges from the soil9–12. The flower produces thousands of extremely small seeds, which can survive more 
than 15 years in a crop field until favorable environmental conditions for germination are obtained4,9–12.
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Carrots (Daucus carota L.) are popular vegetables due to their health benefits and pleasant flavor13,14. Terpenes 
are among the natural products biosynthesized during carrot root development and which directly affect root 
quality and flavor. They are key players constituting important pigments (carotenoids) and aroma chemi-
cals (mono-, sesquiterpenes, and norisoprenoids)14–18. The accumulation of carotene compounds, such as α-, 
β-, γ-, ζ-carotenes, lycopene, and zeaxanthin are responsible for several types of attractive color of carrots16,19. 
Carotenoids are tetraterpenoid pigments and are synthesized de novo in the plastids of leaves, flowers, fruits, 
and roots, where they contribute to the red, orange and yellow colors20. The first step in carotenoid biosynthesis 
is a condensation of two molecules of geranylgeranyl pyrophosphate to produce phytoene catalyzed by phytoene 
synthase (PSY, EC 2.5.1.32). A series of desaturations and isomerizations converts phytoene to lycopene, includ-
ing a carotenoid isomerase called CRTISO (EC 5.2.1.13) (Fig. 1). Lycopene is cyclized to yield α- and β-carotene. 
Subsequent oxygenation of the carotenes via additional hydroxyl, epoxy or keto groups results in the formation of 
xanthophylls, including lutein from α-carotene, and zeaxanthin, violaxanthin and neoxanthin from β-carotene 
(Fig. 1)21–23.

Carotenoids constitute an important precursor metabolic reservoir for the biosynthesis of bioactive com-
pounds in plants, bacteria, fungi, and animals. Such carotenoid derivatives are formed by cleavage into apoca-
rotenoids (norisoprenoids) through regio-specific oxidative enzymes targeting different double bonds on the 
carotenoid backbone16,20,24. In-plant cells, apocarotenoids serve as chromophores (e.g. bixin and crocin)25, but 
also as regulators of growth and development (e.g. abscisic acid)26. One recent popular example of the latter are 
strigolactones, which are particularly important in the current context, since they are (among other functions) 
involved in the interaction of plants with parasitic weeds as seed germination stimulants6–8,27–30. The strigol-
actones are synthesized from β-carotene in plastids. Their biosynthesis involves an isomerization (DWARF27, 
D27, EC 5.2.1.14) and two carotenoid cleavage steps catalyzed by carotenoid cleavage dioxygenase 7 (CCD7, EC 
1.13.11.68) and by CCD8 (EC 1.13.11.68)30. Previously it has been shown that combined action of D27, CCD7, 
and CCD8 leads to the formation of the strigolactone precursor carlactone6,27. Genetic studies with mutants 
showed that two CCDs and P450 were responsible for the production of strigolactones6,31,32. Das et al.33 have pre-
viously analyzed the transcriptomes of P. aegyptiaca, Striga hermonthica, and Triphysaria versicolor and identified 
genes known to act in strigolactone synthesis (D27, CCD7,CCD8). In addition, Hacham et al.34 propose that P. 
aegyptiaca has its own metabolic mechanisms that enable the parasite to accumulate different metabolites derived 
from the host and/or modify/synthesize metabolites according to its own needs, which differ from those of its 
host. This information encouraged us to analyze the transcript accumulation of the parasite P. aegyptiaca PaD27, 
PaCCD7, and PaCCD8 as well as carotenoid accumulations in the tubercle after carrot infestation.

Carotenoid biosynthesis and its regulation have been studied in various plant species, such as carrot, tomato, 
melon, tobacco, pepper, wheat, and Arabidopsis (reviewed by Liang et al.22. However, the impact of broomrape 
infestation on sugar accumulation in carrots has already been documented35, while the accumulation of carote-
noids and the expression of carotenoid and strigolactone biosynthetic genes in P. aegyptiaca on different carrot 
roots have not been studied yet. In this study, the concentration and composition of carotenoids and the expres-
sion of various genes of carotenoid metabolism were investigated in the roots of five different carrot cultivars 
infested or non-infested by P. aegyptiaca and in the tubercles of the parasitic plant. We show here that the con-
centration of carotenoids and the expression of (apo)carotenoid biosynthetic genes from different carrot cultivars 
were dramatically reduced in the Phelipanche-infested carrot root. Surprisingly, alterations in these parameters 
not only concern host roots but also the tubercles of the parasite.

Figure 1. Carotenoid and apocarotenoid biosynthetic pathway in higher plants. The carrot genes investigated 
in this study are indicated in bold underlined style.
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Results
changes in the concentration of carotenoids in Phelipanche-infested and non-infested carrot 
roots cultivars. The impact of P. aegyptiaca on the development of carrots cultivars (orange, purple, red, yel-
low and white), observed after 12 weeks of parasitism and results showed the drastic effect on all carrot cultivars 
(Fig. 2). The growth of P. aegyptiaca infected plants has been stunted in all the cultivars. The leaves of infested car-
rot were much less developed than those of the control, non-parasitized plants (Fig. 2A). P. aegyptiaca prevented 
the formation of the normal shape and size of carrot roots (Fig. 2B). Non-infested carrot roots of the different 
color cultivars developed a large storage root, which is conical-shaped and highly pigmented. In contrast, the 
Phelipanche-infested carrot roots were very small, abnormally shaped and less pigmented (Figs. 2 and 3).

The significant differences were observed for total carotenoids levels in infected and non-infected carrot culti-
vars (Fig. 4). The typical orange carrot contains large amounts of α- and β-carotene, the red carrot contains high 
lycopene, the color of the yellow carrot is due to lutein, and the purple carrot contains high levels of anthocyanin 
besides α- and β-carotene. All five carrot cultivars showed decreased accumulation in total carotenoid content 
in the Phelipanche-infested root, as compared to the non-infested carrot roots (Fig. 4). In case of non-infested 
carrots,the highest accumulation of total carotenoids was recorded in red carrot (276 µg.g−1), followed by purple 
(216 µg.g−1), orange carrots (214 µg.g−1), yellow (21 µg.g−1) and white carrots (13 µg.g−1) (Fig. 4). In contrast, 

Figure 2. Photograph of purple carrot root without or with the obligate parasite Phelipanche aegyptiaca 
infestation as representative of all carrot cultivars. (A) Flowering P. aegyptiaca attached to the purple carrot 
variety (right image) compared to the non-infested control plant (left image). (B) Shoots and roots of P. 
aegyptiaca attached to the purple carrot root (right image) compared to non-infested control (on the left).

Figure 3. Comparison of solution colors of the various carrot root extracts with or without obligate parasite 
Phelipanche aegyptiaca infestation. C: Control non-infested carrot root extracts; +: Extract from carrot roots 
after P. aegyptiaca infestation.
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Phelipanche-infested carrots showed drastic reduction in total carotenoids as compared to the non-infested roots. 
Among the carrot cultivars, red, yellow and purple carrot roots showed the highest reduction percentage in the 
accumulation of total carotenoids as compared to the non-infested carrot roots, while the Phelipanche-infested 
orange, and white carrot showed less decrease (Fig. 4).

There was also a significant difference between the various carrot cultivars in terms of changes in the accumu-
lation of individual carotenoids upon infestation by P. aegyptiaca. For example, the Phelipanche-infested orange 
carrot showed a reduction of 12% in α-carotene and 22% in β-carotene, the red carrot manifested a reduction of 
84% in α-carotene and 53% in β-carotene, and the purple carrot showed a reduction of 62% in α-carotene and 
50% in β-carotene after the parasitic attachment (Fig. 5). The Phelipanche-infested roots of the yellow and the 
white carrot cultivars showed a lutein reduction of 59% and 33%, respectively (Fig. 5).

Further, we also analyzed the P. aegyptiaca tubercles from each host cultivar for total carotenoids and indi-
vidual carotenoid levels. Interestingly, we were able to show for the first time that the P. aegyptiaca tubercle accu-
mulates various carotenoids in µg levels (Fig. 6). The highest level of total carotenoids was found in P. aegyptiaca 
tubercles attached to the yellow carrot exhibiting 2.5 µg.g−1 fresh weight (FW) (Fig. 6A). There was a significant 
difference in carotenoid accumulation between the Phelipanche tubercles attached to different carrot cultivars. For 
example, the tubercles attached to the yellow carrot had the highest level of zeaxanthin, lycopene, and β-carotene, 
as compared to the carotenoid levels of P. aegyptiaca tubercle attached to the other carrots (Fig. 6B). α-Carotene 
was found only in the P. aegyptiaca tubercle attached to the orange carrot, phytoene was found only in P. aegyp-
tiaca tubercle attached to the white carrot, and P. aegyptiaca tubercles attached to the white carrot accumulated 
the highest levels of z-carotene (Fig. 6B).

Analysis of transcript abundance. The transcript levels of carrot DcPSY1and DcCRTISO as well as D27, 
CCD7, and CCD8 from both carrot and P. aegyptiaca, were analyzed by qRT-PCR in the same samples that were 
also used in the HPLC analysis; this was done in order to find out whether the changes in carotenoid accumula-
tion and composition due to infestation of the different carrot cultivars by the parasite could be related to changes 
in the expression of carotenoid biosynthetic genes.

Transcripts of DcPSY1, DcCRTISO, DcD27, DcCCD7, and DcCCD8 were detected in all carrot root samples, 
showing that all the investigated genes were expressed differently in the control carrot roots and in the infested 
roots (Fig. 7). All of the genes showed decreased transcript levels in the infested carrot roots (Fig. 7), which is con-
sistent with the accumulation of reduced levels of total carotenoids in the carrot roots (Fig. 4). The non-infested 
white carrot showed highest level expression for genes DcCRTISO DcD27 and DcCCD8 while DcPSY1, and 
DcCCD7 showed highest expression in yellow and purple carrots respectively (Fig. 7). P. aegyptiaca infestation 
resulted in reduction of expression of DcD27, DcCCD8 and DcCCD8 genes by 2.7 fold, 1.8 fold, and 4.5 fold 
respectively in white carrots while yellow carrots showed 1.1, 1.3, 6.5 fold reduction in expression of these genes 
after P. aegyptiaca infestation. The highest reduction was observed for DcPSY1 gene for white carrot which dis-
played 37 fold reduction in P. aegyptiaca infested roots as its counterpart non-infested root (Fig. 7).

As for the parasite genes, only transcripts of PaD27, PaCCD7, and PaCCD8 were targeted and detected in 
tubercle tissue. Actin is used as a reference gene and compared with the expression of P. aegyptiaca PaD27, 
PaCCD7 and PaCCD8 in the tubercles of the parasitic organs after infested tomato roots (as a control), previously 
demonstrated to be involved in the strigolactone biosynthetic pathway29 (Fig. 8). To make sure that we detect 
the parasite genes here, we blasted the primers against carrot gene/transcriptome databases and showed that the 
sequences in the regions targeted by the primers in the parasite were different from those in the carrot DcD27, 
DcCCD7 and DcCCD8 genes (Supplementary Fig. S1). There was a significant difference in expression level of 
PaD27, PaCCD7 and PaCCD8 between the P. aegyptiaca tubercles attached to different carrot cultivars (Fig. 8). 
For example, PaD27 showed the highest level of expression in all P. aegyptiaca tubercles attached to carrot roots, 
as compared to the expression of PaCCD7 and PaCCD8 (Fig. 8). PaCCD7 showed the highest expression in tuber-
cles attached to red carrot followed by white carrot tubercles and lowest expression was found in tubercles from 
purple carrot In case of PaCCD8 the expression pattern recorded in decreasing order i.e. tubercles from yellow 

Figure 4. HPLC analysis of total carotenoid levels in different carrot cultivars. Carotenoid standards were 
identified on the basis of commercial standards. All analyses were performed using five biological replicates. C: 
Control non-infested carrot roots; +: Carrot roots after P. aegyptiaca infestation. Means with the same letter are 
not significantly different from each other (Tukey’s test, P ≤ 0.05).
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showed highest expression followed by orange, purple, red and white carrots (Fig. 8). The P. aegyptiaca PSY1 and 
CRTISO could not be analyzed by qRT-PCR due to the absence of the respective sequences in the parasitic plant 
genome database (http://ppgp.huck.psu.edu/).

Discussion
In this study, HPLC analysis of carotenoids and quantitative RT-PCR were used to compare the content of total 
and individual carotenoids with the expression of five carotenoid biosynthetic genes after broomrape infestation 
in orange, purple, yellow, white, and red carrot cultivars, as well as in the P. aegyptiaca tubercles.

The growth and development of the various infested carrots were reduced in comparison to non-infested 
plants, as indicated by root size, shape and pigment profiles. The reduced size and abnormal shape of the infested 
roots of carrots of various colors were associated with a decrease in pigmentation, i.e. in carotenoid accumulation 
in the roots (Figs. 2–5). The stunted growth of crop plants that were parasitized by broomrapes was reported 
for different host-parasite associations and under different growth conditions10,35–38. Westwood39 discussed the 
alteration in the physiology/metabolism of the host, and/or the reduction in the potential of the infested host 
root system to take up nutrients/water from the soil leading to a reduction in assimilate production. Schaffer et 
al.35 showed that the soluble sugar content of mature carrot roots grown in broomrape-infested fields was dra-
matically reduced. Changes both in protein and free amino acid pools of the broomrape-infested carrot roots 
were also reported40. Moreover, changes in morphological traits do not affects carotenoid accumulation in carrot 
roots41. There was no significant effect of root size on the various carotenoid pigments even though the contents 
were decreased with increasing root size42. Similarly, carrots heavily infested with broomrape showed lower sugar 
content even when the plants have healthy looking roots35.

In the current study, we have described the reduction in the total host carotenoids, of about 24% in orange 
infested carrot roots, 61% in red, 54% in purple, 60% in yellow, and 38% in white infested carrot roots, compared 
to non-infested roots (Fig. 4). Unexpectedly, we found carotenoid accumulation in the tubercles of P. aegypti-
aca (Fig. 6). The P. aegyptiaca tubercles parasitizing the white and yellow carrot cultivars produced the highest 
amounts of total carotenoids than tubercles that grew on other cultivars (Fig. 6). Although the orange, purple and 
red cultivars had significantly larger amounts of total carotenoids than the white did and the yellow carrots did, 

Figure 5. HPLC analysis of individual carotenoids accumulation in different carrot cultivars infested with P. 
aegyptiaca. (A) Violaxanthin, (B) Lutein, (C) Lycopene, (D) α-Carotene, (E) β-Carotene, (F) Phytoene, (G) z-
Carotene, (H) α -Tocopherol. Carotenoid standards were identified on the basis of commercial standards. All 
analyses were performed using five biological replicates. C: Control non-infested carrot roots; +: Carrot roots 
after P. aegyptiaca infestation. Means with the same letter are not significantly different from each other (Tukey’s 
test, P ≤ 0.05).
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yet this difference was not reflected in their respective parasite tubercles. In addition, our analysis revealed that P. 
aegyptiaca tubercles accumulated different carotenoids, as compared to those found in the carrot root itself. For 
example, zeaxanthin was found to accumulate only in the P. aegyptiaca tubercles while violaxanthin and lutein 
were found to accumulate only in carrot cultivars but not in P. aegyptiaca tubercles (Figs. 5 and 6). Similarly, dif-
ferent studies reported the differential accumulation of metabolites in the parasitic plant from their hosts includ-
ing free amino acids43, mannitol44, total soluble protein and phenolic compounds34, amino acids45,46, starch47,48. 
The parasite accumulates different metabolites when parasitizing different hosts, further support the assumption 
that the P. aegyptiaca may alter carotenoids obtained from the host and utilized these imported carotenoids for 
the synthesis of additional carotenoid compounds. Thus indicates the self-regulating metabolism in parasitic 
plants and their ability to alter, or reduce metabolites derived from the host.

On the basis of these findings we propose that regulation of expression of endogenous carotenoid biosynthetic 
genes in Phelipanche might change following certain, yet unknown, cues of its host or following an internal devel-
opmental program. However, evidence of this possibility is still missing, and P. aegyptiaca may have imported 
the carotenoids from the host. It has already been shown that the parasite can exchange certain molecules and 
macromolecules with host plants9,39. Translocation of molecules and macromolecules from the hosts to the par-
asitic plants have been well documented49. Molecular translation between host and parasite ranges from the 
movement of radiolabel sugar50, silencing-signal siRNA38,51, herbicides52, mRNA transcripts53 and plant viruses54 
to the movement of protein55.

The expression profiles presented here of carrots DcPSY1, DcCRTISO, DcD27, DcCCD7, and DcCCD8 genes 
were dramatically altered following an attack by the parasitic plant P. aegyptiaca, and the (apo)carotenogenic 
transcript levels decreased in the various carrot roots for all examined genes after the parasitic attachment of 
P. aegyptiaca (Fig. 7). This might indicate that the differential transcriptional regulation of these genes was the 
cause of the reduced pigmentation of the carrot cultivars (Figs. 2 and 3). We also assumed that the reduction in 
attachment stimulation activity was due to reduced production of strigolactones, although quantitative and/or 
qualitative changes in the strigolactone level in the root exudates were not measured in the current study.

Furthermore, the expression profile of P. aegyptiaca PaD27, PaCCD7, and PaCCD8 genes suggest that P. 
aegyptiaca not only retained but also expresses functional genes involved in strigolactone biosynthesis (Fig. 8), 
resembling those in the host plant. Similarly, putative strigolactone biosynthesis genes were expressed in Striga 
(ShCCD7, ShCCD8) and the expression patterns of these genes were different from those of host AtCCD7 and 
AtCCD8 in Arabidopsis56. Thus, it is conceivable that the parasite produces its own strigolactones not to boost seed 
germination but rather may regulate shoot branching patterns in parasites just as in other eudicots. Previously, 
Das et al.33 reported the identification of several strigolactones (apo)carotenoid biosynthetic genes from S. 
hermontica and P. aegyptiaca and revealed that these genes are all present with apparently full length-coding 
sequences. It has been shown that in plants strigolactones are secreted by epidermal cells to the rhizosphere but 
it is also formed from the root parenchyma and phloem, where carotenoids accumulate, and from where strigo-
lactones are transported to other organs and act as a plant hormone. They thus also act as important internal 

Figure 6. HPLC analysis of (A) total carotenoids, (B) individual carotenoids in the tubercles of the parasitic 
organs of P. aegyptiaca after infestation. Carotenoid standards were identified on the basis of commercial 
standards. All analyses were performed using five biological replicates.
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mediators of host plant development including root and shoot architecture30. De novo assembly and characteriza-
tion of the transcriptome of parasites of Orobanchaceae have uncovered genes associated with strigolactone bio-
synthesis. Here we present the functional expression of these genes in P. aegyptiaca. The direct measurement of 
strigolactones in different parasites tissues was not successful due to the extremely low concentration of putatively 
present strigolactones was below the detection limit33,56. Any potential role of strigolactones in tubercle devel-
opment may, therefore, be independent of the seed germination induction function already known and rather 
be compared to the developmental roles of strigolactones in host plants. There is a possibility that the endoge-
nous strigolactones do have a role in germination but are not sufficient to induce germination. Unfortunately, we 
could not determine the expression of carotenoid biosynthetic genes of the parasite and whether the carotenoids 
identified in the tubercles are produced by the parasite or are somehow obtained from the host root for further 
processing by parasite enzymes.

Since P. aegyptiaca tubercles parasitizing the various carrot root cultivars accumulated different carotenoids 
compared to those in the carrot roots themselves, this could argue for an independent synthesis by the parasite.

In summary, next to the negative effects of infestation on host carotenoid biosynthesis our data has raised 
new questions about whether and how carotenoids and potentially also apocarotenoids such as strigolactones are 
biosynthesized from parasite enzymes in the P. aegyptiaca tubercles.

Methods
chemicals. HPLC-grade acetonitrile, methanol, dichloromethane, hexane, acetone, ethanol, triethylamine, 
dichloromethane (Ch2Cl2), methyl tert-butyl ether (MTBE), lycopene, lutein, α-and, β-carotenes were purchased 
from Sigma-Aldrich.

plant material. Carrot (Daucus carota subsp. sativus) cultivars of various colors, orange, purple, yellow, and 
white, were grown at the “Newe Yaar” Research Center in northern Israel, under standard field irrigation and 
fertilization conditions. Five carrot plants for each cultivar were allowed to grow in 2 L pots that were infested or 
non-infested with seeds (50 ppm) of the parasitic weed P. aegyptiaca for about 12 weeks. The freshly harvested 12 
weeks old carrot roots and the freshly harvested parasitic tubercles, which were attached to the carrot roots, were 
crushed separately in liquid nitrogen and stored at −80 °C for carotenoid and transcript analysis.

Figure 7. qRT-PCR determination of transcript levels of carrots (D. carota) DcPSY1, DcCRTISO, DcD27, 
DcCCD7, and DcCCD8 in roots of different carrot cultivars before and after the infestion by obligate parasite 
P. aegyptiaca. Quantification of DcPSY1, DcCRITISO, DcD27, DcCCD7 and DcCCD8 transcript levels by real-
time RT-PCR analysis normalized to equal levels of actin transcripts. All analyses were performed using three 
biological replicates. C: Control non-infested carrot roots; +: Carrot roots after P. aegyptiaca infestation. Means 
with the same letter are not significantly different from each other (Tukey’s test, P ≤ 0.05).
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carotenoid content and composition. Carotenoids pigments were extracted from fresh carrot roots and 
P. aegyptiaca tubercles (1 g). The samples were extracted in hexane/acetone/EtOH (2/1/1, v/v/v) and saponifica-
tion was performed in 8% (w/v) KOH for 5 min. The saponified material was extracted twice with hexane, which 
was then evaporated in vacuo. The solid pellet was re-suspended in 400 µl of MeCN/MeOH/CH2Cl2 (45/5/50, 
v/v/v) and passed through a 0.2-µm nylon filter before HPLC analyses16. Samples for carotenoid extraction were 
taken from three carrot roots of each of the cultivar, and from tubercles of the parasitic organs.

HpLc analyses. Quantification of carotenoids was done using HPLC (Waters, Milford, MA, USA) equipped 
with a PDA detector (Waters 996), a column (250 × 4.6 mm i.d.; 4 mm), and a Nova-Pak Sentry Guard cartridge 
according to Ibdah et al.57, and Yahyaa et al.16. The filtered extracts (40 microliters) were injected into a 2996 
Waters HPLC and the flow rate was kept at 1.5 mL.min−1 at 30 °C, the mobile phase consisted of solvent ace-
tonitrile/methanol/dichloromethane (75/20/5, v/v/v) containing 0.05% (v/v) triethylamine. Detection occurred 
between 260 and 600 nm. The data were analyzed using the MILLENIUM software. All analyses were performed 
using five biological replicates.

transcript analysis. Total RNA (5 µg) was extracted from carrot cultivars and from the P. aegyptiaca tuber-
cles by using the Spectrum Plant Total RNA Kit (Sigma-Aldrich). The RNA was reverse-transcribed using an 
oligo primer and the SuperScript II first-strand system (Invitrogen) for real-time RT-PCR analysis of carotenoid 
biosynthetic genes, e.g. DcPSY1 DcCRTISO, DcD27, DcCCD7, DcCCD8, PaD27, PaCCD7, and PaCCD8.

qRT-PCR was performed on an Applied Biosystem Step One Plus Real-Time PCR System (Life Technology) 
using Absolute Blue qPCR SYBR Green ROX Mix (Tamar Laboratory Supplies LTD, Israel), using 5 ng 
reverse-translated total RNA and 100 ng primers (Supplementary Table S1). Relative quantification of gene 
expression was performed using as reference the housekeeping gene actin from D. carota and from P. aegyptiaca 
with primers described in Supplementary Table S1. The difference in relative expression levels of all targeted genes 
were calculated from 2−ΔΔCt value after normalization of data to actin. All analyses were performed using three 
biological replicates.

Statistical analyses. Data for all experiments are expressed as the mean ± standard error (SE) for five bio-
logical repeats. One-way analysis of variance was used to evaluate the experimental data and Tukey’s test was used 
to detect significant differences (P ≤ 0.05) between the mean values. All statistical analyses were performed using 
JMP software (version, SAS Institute 2013).

Received: 10 October 2019; Accepted: 26 December 2019;
Published: xx xx xxxx

Figure 8. qRT-PCR determination of transcript levels of P. aegyptiaca PaD27, PaCCD7 and PaCCD8 in the 
tubercles of the parasitic organs after infested carrot and tomato (as a control) roots. Quantification of PaD27, 
PaCCD7 and PaCCD8 transcript level by real-time RT-PCR analysis normalized to equal levels of actin 
transcripts. All analyses were performed using three biological replicates. Means with the same letter are not 
significantly different from each other (Tukey’s test, P ≤ 0.05).
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