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DNA based diagnostic for the 
quantification of sugarcane root 
DNA in the field
J. S. Pierre   1, D. Giblot-Ducray2, A. C. McKay2, D. M. Hartley3, J. M. Perroux1 & A. L. Rae1

Plant root systems play many key roles including nutrient and water uptake, interface with soil 
microorganisms and resistance to lodging. As for other crops, large and systematic studies of sugarcane 
root systems have always been hampered by the opaque and solid nature of the soil. In recent years, 
methods for efficient extraction of DNA from soil and for species-specific DNA amplification have 
been developed. Such tools could have potential to greatly improve root phenotyping and health 
diagnostic capability in sugarcane. In this paper, we present a fast, specific and efficient method for 
the quantification of sugarcane live root cells in soil samples. Previous studies were typically based on 
mass and length, so we established a calibration to convert root DNA quantity to live root mass. This 
diagnostic was validated on field samples and used to investigate the fate of the root system after 
harvest prior to regrowth of the ratoon crop. Two weeks after harvest, the sugarcane roots from the 
previous crop were still viable. This raises the question of the role that the root system of the harvested 
crop plays in the performance of the next crop and demonstrates how this test can be used to answer 
research questions.

Plant root systems play a key role in determining nutrient and water uptake and are also the interface between 
soil microorganisms and plants. In addition to these roles, the sugarcane root system plays an important part in 
anchorage of the plant to provide resistance to lodging during the cropping season and at harvesting. Because of 
the perennial nature of the crop, sugarcane roots developed by one crop may be important for the next ratoon, at 
least at the start of the next crop since the fate of sugarcane root systems between crop cycles is unclear1,2.

As for any other crop, the opaque and solid nature of the soil has always been a major limitation for the study 
of sugarcane root systems. The size of the plant as well as the length of the cropping season also limit the size of 
experiments in controlled environments. Consequently, knowledge of sugarcane roots is sparse.

Field phenotyping of root systems presents many challenges. Shallow root cores are often not representative of 
entire root systems3. Samples collected either with a large diameter (50 cm) surface corer4 or a 2 m auger5 need to 
be processed in a way that retains root material and structural information. Fine roots are easily lost and under-
represented3,6. These fine roots make up around 90% of the root system total length and are the elements respon-
sible for water and nutrient absorption6,7. Measurement of root system basic descriptors such as root length, 
volume and diameter is also a slow process (up to 3 hours per plant) that does not give any information regarding 
whether a root is dead or alive. Due to these limitations, most of the analyses done so far on sugarcane have been 
restricted to a limited number of varieties and replicates, using small soil samples to monitor root distribution 
in the ground1,8–11. Many critical questions about sugarcane root systems, including inter-varietal variation and 
dynamic changes in the field remain unanswered. Hence plant breeders lack the knowledge and tools to select 
for beneficial root traits and growers lack a root diagnostic tool that will assist them with monitoring their crop’s 
below ground development and health.

With the harnessing of molecular biology for diagnostics, methods for efficient extraction of DNA from soil 
and for species-specific DNA amplification have been developed for routine use12. These tools have been mainly 
used for research and for soil-borne pathogen detection12 but have also been applied to quantify DNA from seed 
and roots in soil13 and more recently to study varietal differences in root growth in glasshouse and field trials14–19. 
The techniques have the advantage of reporting DNA concentration in soil associated with living roots and are 
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compatible with the high-throughput system developed by commercial services12. Such tools could be adapted for 
sugarcane and have the potential to greatly improve root phenotyping and health diagnostic capability.

In this paper we present the results of the development of a TaqMan assay for the quantification of sugarcane 
root DNA in soil, its calibration to report the assay results as root mass, and its validation on field samples.

Result
TaqMan assay specificity test.  The assay detected sugarcane DNA efficiently as evidenced by the cycle 
threshold (Ct) values ranging from 16.6 to 19.2 for 22.8–26.4 ηg sugarcane DNA per reaction (Table 1). In con-
trast, the level of amplification with 20 ηg of weed DNA matrix per PCR was very low, with Ct values ranging 
from 33.5 to 37.8 Ct. This represents a sensitivity difference of 100,000 to 1,000,000.

ITS copy number.  In the 31 sugarcane varieties tested, ITS copy number per ρg of DNA ranged from 476 ± 7 
(Q249) to 1333 ± 44 (Q208) with a median ITS copy number of 681 (Table 2). The relative standard deviation of 
the mean was on average below 1.8%. ITS copy number was significantly different between varieties (p < 0.001). 
The variety with the lowest ITS copy number (Q249) was used as a reference to quantify differences between 
varieties; the ITS copy number was 1.05 to 2.80 times higher in other varieties compared to Q249. The median 
scaling factor was 1.43, with only three varieties (Q124, Q113 and Q208) out of 31 having a scaling factor above 2.

Assay calibration.  The aim of the assay calibration was to determine the coefficient of the linear relationship 
between root mass and the TaqMan assay results, which are expressed as DNA copy number, for several varieties.

Assay calibration results are presented in Fig. 1. For all varieties and depths tested, the correlations between 
root dry weight and target DNA copy number all had a coefficient of determination (r2) above 0.95 except one 
(Q242 50–100 cm depth; r2 = 0.92). Based on these correlations, the assay efficiency was calculated to be on aver-
age 97%. Depth had a significant effect on the slopes of the linear regression (p < 0.001). The DNA copy number 
was higher for the lower part of the root system (50–100 cm) compared to the upper part (0–50 cm). There was 
also a variety effect (p < 0.001) with MQ239 and Q151 root systems apparently yielding fewer target DNA copies 
per mass unit of root. One out of 144 samples showed a slight PCR inhibition but results from all samples were 
used for the statistical analysis.

When combining data of all varieties for each depth, the coefficient of determination of the linear regression 
was higher for the 0–50 cm samples (r2 = 0.97) compared to the 50–100 cm samples (r2 = 0.86) (Fig. 2A). After 
correction for varietal differences in ITS copy number, both regressions had a coefficient of determination above 
0.95 (Fig. 2B).

Root DNA decay over time.  The ability of the assay to discriminate between live and dead roots was 
tested by measuring the decay of root DNA in moist and dry soil samples spiked with sugarcane root segments 
(Fig. 3). Root DNA quantity in the moist soil samples declined rapidly and significantly over time (p < 0.001) 
(Fig. 3). After 1 and 7 days the quantity of root DNA in the moist soil samples had declined by 66.6% ± 8.2 and 
98.9% ± 0.5 respectively, compared to the DNA quantity at the zero time point (T0) in the moist samples. In con-
trast, the amount of root DNA in the dry soil samples was stable and did not significantly vary over the seven days 
(p = 0.131). There was also a significant difference (p = 0.002) at T0 between the dry and moist samples. DNA 
quantity measured in a control sample with no added roots was minimal, corresponding to 0.05% of the quantity 
of DNA at T0 in the moist sample. All samples passed the internal control quality check.

Effect of nitrogen fertiliser on root systems.  The DNA assay was used to assess soil core samples col-
lected from a field trial that was designed to test the effect of different types of nitrogen input on sugarcane yield. 
The aims of this experiment were to (i) test the effect of the sampling method on root DNA estimation, and (ii) 
describe sugarcane root profiles under three nitrogen fertilization regimes.

Sugarcane variety  DNA quantity (ng) Ct mean

Q208 26.4 16.6

MQ239 23.6 19.2

KQ228 23.2 17.9

Q242 22.8 17

Weed

Brachiaria subquadripara 20 33.5

Chloris gayana 20 35.7

Cynodon dactylon 20 35.7

Digitaria ciliaris 20 37.5

Echinochloa colona 20 36.5

Eleusine indica 20 34.8

Panicum maximum cv guinea 20 35.1

Panicum maximum cv nami 20 37.8

Table 1.  TaqMan assay sensitivity and specificity assessment using four sugarcane varieties and eight common 
weeds of sugarcane cultivation. Cycle threshold (Ct) mean values were calculated based on 3 replicates.
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DNA assay results were converted to root quantities using the Q208-50 cm linear regression equation pre-
sented in Fig. 1. Results from all samples were used for this analysis as all DNA passed the internal control quality 
check.

There was no significant difference in the calculation of root quantities (p = 0.169) (data not shown) if this 
conversion was done instead using the 50 cm linear regression equation obtained from the general calibration 
before (Fig. 2A) or after ITS copy number correction (Fig. 2B).

The amount of root detected in the composite samples ranged from 2.4 mg to 275.6 mg which corresponds to 
0.008 and 1.007 mg of root per cm3 of soil respectively (Fig. 4). There was no treatment effect on root quantities 
(p = 0.724) and for a given set of conditions, the variability was large with a relative standard deviation of 57% on 
average.

There was a depth effect on root density (p < 0.001) with a sharp decrease down the soil profile for each of the 
three different treatments. On average, the root mass per volume of soil decreased for each depth increment from 
0.43 g cm−3 to 0.19 g cm−3 and to 0.07 g cm−3 (Fig. 4). This corresponds to an average of 55% and 84% decrease in 
root quantity when comparing results from the 0–15 cm cores with results from the 15–30 cm and 30–45 cm soil 
cores respectively.

Root viability after harvest.  The changes in sugarcane viable root mass in the soil was monitored over 
two weeks after harvest of the above-ground biomass (Fig. 5). The decline in root mass was positively and signif-
icantly correlated with the depth of the soil core sample (p < 0.001) whereas time did not have a significant effect 
(p = 0.442) on the quantity of viable sugarcane root in the soil over the two week period. When looking only at the 
uncut control, there was a significant increase in root mass between T0 and T2 (p = 0.024).

Cultivar
Year first planted 
as seedling

Mean ITS copy 
number ± sd (copy ρg−1)

Scaling 
factor

Q249 2002 476 ± 7 1

Pindar NA 500 ± 9 1.05

Co290 <1950 507 ± 5 1.07

Q96 1959 528 ± 5 1.11

Q117 1963 568 ± 9 1.19

MQ239 1993 584 ± 11 1.23

QC91-580 1991 591 ± 10 1.24

Q231 1995 617 ± 25 1.3

Q256 2002 618 ± 11 1.3

Q190 1986 624 ± 19 1.31

Q252 2000 638 ± 13 1.34

Q151 1981 652 ± 13 1.37

Q242 1997 660 ± 8 1.39

Q232 1994 662 ± 18 1.39

Q167 1977 674 ± 9 1.42

Q77 1940 681 ± 6 1.43

EMPIRE <2003 689 ± 8 1.45

POJ2878 <1930 692 ± 6 1.45

Q200 1989 698 ± 17 1.47

KQ228 1998 702 ± 7 1.47

SRA1 2005 704 ± 10 1.48

Comus <1942 743 ± 13 1.56

QN04-121 2004 748 ± 35 1.57

QBYCO5-20853 NA 753 ± 12 1.58

Q138 1975 794 ± 13 1.67

QN04-668 2004 798 ± 7 1.68

Q234 1988 818 ± 11 1.72

NCo310 NA 907 ± 17 1.91

Q124 1969 1119 ± 30 2.35

Q113 1967 1305 ± 23 2.74

Q208 1987 1333 ± 44 2.8

Table 2.  Genetic variation in ITS copy number amongst 31 sugarcane cultivars. Scaling factor represents the 
ITS copy number normalized for each variety by the ITS copy number of Q249.
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Figure 1.  Relationship between the root dry weight and the quantity of target DNA extracted and measured 
from root samples from six sugarcane varieties (n = 3). Root samples were collected either from the upper part 
(0–50 cm from the crown; blue) or from the lower part (50–100 cm from the crown; red) of the root system. 
Calibration was done on root dry weight ranging from 60 mg to 600 mg with 60 mg increments as well as two 
additional points at 900 and 1200 mg. Linear regressions were fitted for each depth using a null intercept to 
obtain a calibration factor (slope). Grey zones represent the 95% confidence interval for prediction.

Figure 2.  Linear relationship between root dry weight and the quantity of target DNA extracted and measured 
for all varieties combined for each depth, before (A) and after (B) normalization to take into account varietal 
differences in ITS copy number. Grey zones represent the 95% confidence interval for prediction.
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Discussion
This study presents a novel method for the quantification of sugarcane root biomass in soil. The method was 
calibrated for a range of sugarcane varieties and validated with field samples. Results show that the method is 
robust, specific to sugarcane and can detect small amounts of live roots in soil samples, which will enable high 
throughput field phenotyping of sugarcane root systems.

Varietal difference in ITS copy number is limited in sugarcane.  Since the assay relies on the amplifi-
cation of the ITS sequences in real time PCR, the ITS copy number directly influences the quantification results. 
Determination of the ITS copy number for each variety was an important step in the development of the assay to 
normalise results to account for potential large differences between varieties and enable multiple varieties com-
parison. In a previous study on wheat16, ITS copy number has been quantified by using a known single-copy gene 
as a reference. In polyploid sugarcane, in the absence of single-copy genes, we used ddPCR as a novel method to 
quantify ITS copy number. This technology allows for the absolute quantification of a DNA fragment of interest. 
When we quantified the ITS copy number for the 31 varieties, the relative standard deviation of the mean was 

Figure 3.  Root DNA decay over time in moist (blue) and dry (green) soil samples (n = 6 per boxplot) spiked 
with 200 mg of lyophilized sugarcane roots. Samples were incubated at 25 °C in a growth cabinet for 0, 1, 3, 5 
and 7 days. After incubation, the samples were transferred to a dehydrating oven at 45 °C until analysis. Un-
spiked moist soil samples (n = 2) were used as a negative control.

Figure 4.  Root distribution in the soil profile expressed as root weight density for a ratoon crop (variety Q208) 
fertilized with N at 140 kg ha-1 as slow release fertilizer (green) or as urea (blue) or without any fertilizer added 
(red). Each sample (n = 9 per boxplot) is a composite of 12 soil cores (150 mm × Ø15 mm). Root weight density 
values were calculated using the Q208-50 cm calibration factor and an average soil bulk density of 1.5 g cm−3.
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below 1.8% on average. This demonstrated that, providing enough technical replicates, ddPCR gives reproducible 
results and could be used in the future to calibrate the assay for new varieties, as an alternative to the single copy 
gene method. Interestingly, the difference in ITS copy number amongst Australian bred varieties was similar to 
that between international bred varieties, which suggests that the assay can be used worldwide for sugarcane root 
phenotyping.

Overall, the extent of the ITS copy number variation, amongst the 31 varieties tested, was quite limited. The 
average copy number variation was 1.5-fold compared to the variety with the lowest copy number, and only three 
varieties exceeded a 2-fold difference. In comparison, the ITS copy number variation amongst 20 wheat cultivars 
ranged from 2 to 6 fold with an average fold increase of 3.916. Therefore using a scaling factor to correct for ITS 
copy number when comparing multiple varieties of sugarcane may not be necessary, given the extent of the vari-
ability resulting from other factors in the experiment.

Relationship between root biomass and test results.  The calibration of the test to obtain the relation-
ship between root biomass and DNA test results highlighted that for the same mass of root, the lower part of the 
root system was about 1.5 times more dense in DNA than the top part of the root system. This depth effect could 
be explained by changes to the root anatomy, particularly the increasing proportion of root cortical aerenchyma 
in ageing shoot roots20. As the roots age, cortical cells are progressively lysed until no cortical cells are left except 
for some cell wall bridges to maintain root structural integrity21. The only living cells at this stage come from the 
peripheral tissues and the endodermis20. This structure is characteristic of older root segments which primarily 
function in transport and not in uptake of water and nutrients7. In our experiment, the lower part of the root 
system, being richer in root apical segments with intact cortex, likely has a higher proportion of living cells and 
consequently higher DNA content, which would explain the observed depth effect on the calibration. The six 
varieties selected from this experiment have been selected on the basis of their contrasted root system morphol-
ogy, especially in terms of average root diameter which relates to cortical cell number (Pierre et al., unpublished). 
Hence, the differences of DNA copies per mass unit of root observed in our experiments were likely due to varie-
tal differences in root tissue density and the number of cortical cells per mass unit rather than being the result of 
differences in DNA extraction efficiency between varieties.

Root DNA decay in the soil.  To determine the ability of the test to discriminate live roots from dead 
roots, we quantified the decline in DNA content in dry and moist samples spiked with segments of lyophilized 

Figure 5.  Root distribution in the soil profile at harvest (T0; red) and one week (T1; green) or two weeks (T2; 
blue) after harvest for four sugarcane varieties and an uncut control (Q240 control). Each sample is a composite 
of 8 soil cores (150 mm × Ø15 mm) collected on four different plants (2 cores per plant). The same plants were 
sampled for the entire course of the experiment. The relative percentage of root in each layer at each time points 
was calculated according to the maximum amount of root in any sample for a given variety.
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sugarcane roots. The results showed that DNA degradation in moist soil samples is an extremely fast process. 
After seven days, only 1% of DNA was still detectable in the moist soil samples, while during the same period, no 
DNA degradation occurred in the dry samples.

Previously, using the same technique17, it has been shown that there was an 80% decline in ryegrass DNA 
levels in soil over a 10-day period after plants had been defoliated or sprayed with glyphosate and that the DNA 
test was able to detect root mortality when a visual assessment could not. Similarly, an exponential decline in 
Phalaris DNA15 was observed over a 7-day period in soil spiked with Phalaris roots. This indicates that as long as 
soil moisture is controlled for, the DNA assay is able to discriminate between live and dead roots.

While the quantity of starting material was the same for the dry and moist samples, the DNA quantity at T0 
was significantly different between the two treatments. At T0, when the experiment was set up, all the samples 
stayed at room temperature for approximately 3 h until all were prepared. Hence the T0 moist samples had incu-
bated for approximately 3 h before being dehydrated at 45 °C. Since DNA degradation in moist soil is a rapid 
process, this would explain the difference in DNA quantity at T0. This observation reinforces the idea that in order 
to minimize DNA degradation, the samples (i) should be kept on ice as soon as they are collected; and (ii) need to 
be dehydrated in an oven with an exhaust air function to remove water rapidly19.

Field sampling variability.  With field samples (nitrogen experiment), the DNA assay proved to be 
extremely sensitive and detected small amounts of root in soil samples, with quantities as low as 0.007 mg of dry 
root per cm3 of soil. The results also described well the typical decrease in root mass from the surface down the 
soil profile in sugarcane1,11. The overall average root density estimated in the 7-months old ratoon crop used in the 
experiment was comparable to the one obtained by Otto et al.1 from samples collected on 15 month-old sugarcane 
crop. At this stage of the crop cycle, there was no difference in root density between the different fertilization 
treatments. This observation is consistent with the results from two experiments conducted in Brazil on planted 
and ratoon crops22, where no consistent positive effect of nitrogen was observed on root mass. Another explana-
tion for the lack of apparent effect of nitrogen fertilizer on the root biomass could be the large intra-sample vari-
ability resulting from the sampling procedure. As mentioned by Steinemann (2016) an optimized field sampling 
protocol relies on the choice of sampling equipment, the core diameter and the number of cores to be taken. In 
the present study the sampling was done manually using a soil probe hammered down with a sledge hammer. 
The position of the core was as close as possible to the sugarcane stool but was somewhat variable due to large 
differences in plant size and stalk number which limited the access to the base of the plant.

The position effect was evident in the root turnover experiment where there was a significant increase in root 
mass for the uncut control plants at T2. While for all treatments and varieties the samples were collected close 
to the stool for the three time points, this was only possible at T2 for the control, due to the size of the stool and 
the number of stalks when the plants were still standing. This may explain the sudden increase in root mass and 
highlights the need to develop field sampling strategies that rely on automatic core sampling devices and consist-
ent sampling positions.

Sugarcane roots are still alive two weeks after harvest.  Due to the perennial nature of sugarcane and 
its crop cycle, the fate of the roots after harvest is highly relevant to ratoon performance. Several studies on field 
grown sugarcane investigated root cycle8 and results from these are currently used to quantify root dieback after 
harvest in the APSIM sugarcane crop model23. In these studies, root viability was determined based on recovery 
of roots from soil and on the root physical appearance, principally colours. There are two pitfalls with these types 
of assessment. First, washing roots out of soil cores is a slow and inefficient process that leads to the partial loss 
of the fine roots6 which are the absorptive part of the root system. Secondly, determining root viability based on 
their colours is operator dependant and subjective. In a study on tree species, 12–28% of roots were mistaken for 
dead, based on their colour, while they were still metabolically active24. The use of the DNA test overcomes the 
first pitfall by avoiding root washing as well as the second one, by purely defining root viability in terms of DNA 
presence or absence.

In the root turnover experiment, there was no evidence of dieback for up to two weeks after harvest for the 
four varieties tested. This will need confirmation with a follow up experiment over a longer time course and with 
higher number of replicates to reduce the variability around the results. Our initial hypothesis was that after 
harvest the existing root system would die and be replaced quickly by new roots from developing tillers; results 
suggest that this may not be the case. While results need to be confirmed, this raises questions about the role of 
the former root system in the performance of the following crop as well as how the root system is maintained in 
the absence of a supply of photo-assimilate during re-sprouting. A recent study in longleaf pine25 demonstrated 
that, when girdling the stem to stop the flow of photo-assimilate toward the root system, fine roots could survive 
for over a year with the energy provided by the non-structural carbohydrate coming from the transport roots. In 
a mature sugarcane plant, the sucrose content ranges from 14 to 42% of the stalk dry weight26. When sugarcane is 
harvested, a fair proportion of the underground stool contains stalk bases rich in sucrose which could therefore 
fuel the root. This hypothesis will have to be tested.

In conclusion, we developed a rapid, reliable and sensitive method to quantify viable sugarcane root mass in 
soil. While further development is required on a sampling strategy to reduce the error associated with difference 
in sampling positions, this method can be readily used with the current calibration to reliably assess field samples. 
In the future, by combining our root phenotyping method with a similar one focusing on the quantification of soil 
borne disease, we would be able to assess root health. It will also be possible to develop a calibration based only on 
absorptive root length. By mapping absorptive root length density in the soil together with other soil parameters 
(e.g. water, nutrients, microbiota) this has the potential to unlock root phenotyping capability in sugarcane.
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Materials and Methods
Development of the sugarcane-specific quantitative PCR primers and TaqMan probe.  In 
order to design PCR primers for the cloning and sequencing of the Internal Transcribed Spacer (ITS) 
region of sugarcane varieties, 184 sequences of the ITS1-5.8S-ITS2 region from sugarcane and its rela-
tives were retrieved (Table 3) from the NCBI database. A consensus sequence was obtained from the align-
ment of the 185 sequences performed in CLC Main Workbench7 (Qiagen, Hilden, Germany). Forward 
(5′TCGTGACCCTTAAACAAAACAGACCGC3′) and reverse (5′AGCGGCTATGCGCTACGGT 3′) PCR prim-
ers were designed based on the consensus sequence.

Total DNA was isolated from freeze-dried leaves (Plant mini kit, Qiagen, Hilden, Germany) of 18 sugarcane 
varieties (KQ228, MQ239, Q138, Q183, Q186, Q190, Q200, Q203, Q208, Q219, Q226, Q231, Q232, Q237, Q238, 
Q240, Q241, Q242). The ITS1-5.8S-ITS2 amplified DNA fragment was cloned in pGEM-T easy vector which was 
then used to transform JM109 competent cells. Cells were then plated on LB/ampicillin/IPTG/X-gal medium in 
petri dishes. After 24 h at 37 °C, two positive colonies (white) were picked for each transformation and cultivated 
in liquid LB culture overnight. Plasmid DNA was purified using the QIAprep Spin Miniprep Kit (Qiagen) and 
the presence of the insert was tested using a restriction digest with Not1. Thirty-six positive plasmid samples 
were sent to a commercial service for Sanger sequencing. Sequencing results were used to obtain the consensus 
sequence of ITS1 and ITS2 (Supplementary S1).

qPCR primers and 6-FAM-labelled TaqMan Minor Groove Binding (MGB) probe (Table 4) were designed 
using the Primer Express 3.01 program (Thermo Fisher, Waltham, USA). Primers and probe were tested for 
homology against plant DNA sequences from the NCBI database using Blastn to check for any cross reactions 
of the assay with ITS sequences from any of the major weeds of sugarcane cultivation. qPCR reactions to test 
TaqMan assay were performed with an ABI ViiA7 instrument using the Qiagen QuantiTect probe PCR kit mas-
ter mix according to the manufacturer’s instructions. Briefly, 10 μL reaction mixes contained 5 μL of 2x Qiagen 
QuantiTect Probe PCR kit Master Mix; 0.16 μL of water; 0.22 μL of 18 μM forward primer; 0.22 μL of 18 μM 
reverse primer; 0.4 μL of 5 μM probe and 4 μL of DNA template. Thermal cycling conditions were an initial step 
at 95 °C for 15 min followed by 40 cycles of melting step at 95 °C for 15 s and combined annealing and extension 
step at 60 °C for 1 min.

The specificity of the assay toward sugarcane was tested using eight grass weeds of worldwide significance that 
are common weeds in Australian sugarcane growing regions. (listed in Table 1). Weed DNA was extracted from 
freeze-dried leaf samples using a Qiagen DNeasy plant mini kit. Real-time PCR reactions were conducted, in 
triplicate, with a quantity of either 20 ηg of weed DNA or approximately 25 ηg of sugarcane DNA per well.

Sugarcane ITS copy number quantification.  In the absence of a single copy reference gene in sugarcane, 
ITS2 copy number was quantified using droplet digital PCR (ddPCR). Thirty-one sugarcane varieties (Table 2) 
were selected to represent varieties used in Australia from the early 20th century to the present. Co290 and 
NCo310 are foreign varieties from India and South Africa respectively and Comus is a noble cane (Saccharum 

Species N° of sequence

Saccharum spontaneum 104

Saccharum sinense 9

Saccharum robustum 5

Saccharum officinarum 10

Saccharum longesetosum 2

Saccharum hybrid cultivar 22

Saccharum giganteum 2

Saccharum fulvum 3

Saccharum fallax 1

Saccharum brevibarbe var. contortum 1

Saccharum barberi 6

Saccharum baldwinii 2

Saccharum arundinaceum 17

Table 3.  Origin and number of ITS sequences retrieved from the NCBI nucleotide database from sugarcane 
and its relatives used to obtain a consensus sequence for the cloning of the ITS1-5.8S-ITS2 region in sugarcane.

Assay Name Function Sequence (5′ > 3′) Length
Tm 
(°C)

ITS2-pb2

Fp_A5 forward primer AAAAGACACTCCCAACCCAC 20 60

Rp_A5 reverse primer ACCGAGAACAACTGAGTGTC 20 60

Pb_A2 MBG TaqMan probe CCGGCGAATCGTGT 14 69

Table 4.  TaqMan assay primer and probe sequences.
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officinarum). The remaining twenty seven varieties are cultivars bred in Australia using local and foreign ger-
mplasm. DNA extraction was done on freeze dried leaves with the Qiagen DNeasy plant mini kit. DNA concen-
trations of the samples were determined using Qubit dsDNA HS assay and each sample was then diluted to a 
concentration of 20 ρg.µl−1. Final concentrations were checked, in sextuplicate, using the Qubit dsDNA HS assay. 
The ddPCR reactions were performed, in quadruplicate, according to manufacturer’s instructions, on a Biorad 
Qx200 system equipped with an automatic droplet generator. Each reaction passed the ddPCR quality control 
with a number of droplets above 10000 (Supplementary S3). Briefly, each 25 µL reaction well contained 5 µL of 
DNA, 12.5 µl of ddPCR Supermix for Probes (without dUTP), 1.25 µL of ITS2-pb2 custom TaqMan assay that 
contains primers and probe, 0.1 µL of the restriction enzyme AluI and 6.2 µL of water. Plates were incubated at 
37 °C for 30 min before the start of the automatic droplet generation. ddPCR results were converted to ITS copy 
number per ρg of DNA according to the following formula:

= ×−µLITS copy number [(copy nb reaction volume/volume of DNA in reaction)
/sample concentration

1

Assay calibration based on root weight.  In order to capture variation in this relationship due to diver-
sity in root system morphology, six sugarcane varieties were selected. These six varieties have been previously 
identified for their contrasted root system morphology, especially in terms of average root diameter (Pierre et al., 
unpublished).

Six sugarcane varieties were selected (KQ228, MQ239, Q151, Q208, Q242 and SRA1). Three replicate 
plants from each variety were grown from section of stalk containing a single nodal bud (sett) in tall PVC pots 
(22.5 cm × 100 cm) for about 110 days (30 °C/16 h day, 24 °C/8 h night) in UC soil mix (50% sand, 50% peat) in 
non-limiting water and nutrient conditions. At this stage, roots had reached the bottom of the pot. At harvesting, 
root systems were washed thoroughly, split into two parts (0–50 cm and 50–100 cm from the crown) and then 
dried for at least 24 h at 45 °C in a large desiccating oven.

Samples were coarsely blended and carefully weighed to obtain standard ranges from 60 mg to 600 mg with 
60 mg increments as well as two additional points at 900 and 1200 mg. A total of 144 calibration data points 
were generated from these samples. Samples were then sent to the SARDI commercial DNA extraction service 
(Adelaide, South Australia) where, prior to extraction, each sample was mixed with 200 g of sand. The DNA 
extractions and sugarcane root DNA quantification using the TaqMan assay were also conducted at SARDI as 
described.

Rate of decay of root DNA in soil.  Sixty-two soil samples of 400 g were prepared from moist topsoil 
(air-dried soil, water content 21%) collected on a bare patch 5 m from a sugarcane field trial located in Gatton, 
QLD, Australia (S27°32′23.7, E152°20′21.0). Half of the soil samples were dried for 48 h at 25 °C in a dehydrating 
oven while the other half were maintained under a humid atmosphere to preserve soil properties until the start 
of the experiment. Moist and dry soil samples were then spiked with 200 mg of lyophilized root segments (5 cm 
long) coming from a mix of the six sugarcane varieties used for the assay calibration and grown aeroponically. 
Two additional un-spiked moist soil samples were prepared for use as a negative control. Samples were incubated 
at 25 °C in a growth cabinet for 0, 1, 3, 5, 7 days. Six replicates were prepared for each time point/treatment com-
bination. After incubation the samples were transferred to a dehydrating oven at 45 °C and were kept there until 
being send to SARDI for DNA extraction and analysis, as described.

Assay validation.  The assay was validated on field samples to assess: (i) the effect of controlled release fertil-
iser compared to urea on root systems; and (ii) the root system viability after harvest.

Effect of nitrogen regime on root mass in the soil.  Soil cores were collected on the 12th and 13th of June 
2017 from a field trial managed by Herbert Cane Productivity Services Ltd (HCPSL) and located near Ingham, 
QLD, Australia (S18°36′11.0, E146°03′01.0). This was a second ratoon trial (harvested on the 29/10/2016) of the 
sugarcane variety Q208 that was established to test the effect of controlled released fertiliser compared to conven-
tional fertiliser on sugarcane performance.

Soil core samples were collected for three different experimental treatments: 140 kg of N/ha as urea, 140 kg of 
N/ha as 75% polymer-coated urea and 25% urea, and 0 N kg/ha. Each experimental treatment was replicated four 
times in the field. Soil sampling was done using a Dig Stick Soil Probe (Ø15mm × 1100 mm) hammered down to 
the depth of 45 cm. After retrieval, soil cores were divided into 15 cm segments. Each sample was formed from a 
composite of 12 cores, from the same depth, for a total maximum weight of 500 g. A total of 72 composite samples 
was collected. Samples were kept on ice in the field and then transferred to an oven to be dehydrated at 45 °C for 
at least 24 h before being sent to SARDI for DNA extraction and analysis, as described. The results expressed as 
the number of copies of the target DNA sequence per gram of soil were converted to root dry mass per volume 
of soil using the Q208-50 cm linear regression obtained from the calibration experiment and an average soil bulk 
density of 1.5 g cm−3.

Root turnover after harvest.  Soil cores were collected from an irrigated second ratoon field trial managed 
by CSIRO located near Gatton, QLD, Australia (S27°32′23.7, E152°20′21.0). Samples were collected from the 
following sugarcane varieties: MQ239, Q151, SRA1 and Q240. Half of the Q240 plants were not harvested until 
the last sampling date and were therefore used as a positive uncut control. Two cores were collected per plant on 
four different plants per variety and the same plants were used for the duration of the experiment. Soil cores were 
collected with a Dig Stick Soil Probe (Ø15mm × 1100 mm) hammered down to the depth of 60 cm. Each soil core 
was then divided into 15 cm segments. Each composite sample was made up of eight soil core segments. Cores 
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were collected on the day of harvest (T0, 24/08/17), one week after harvest (T1, 31/08/17) and two weeks after 
harvest (T2, 08/09/17). After collection, samples were kept on ice until transfer to a dehydrating oven at 45 °C for 
at least 24 h. Samples were then sent to SARDI for DNA extraction and analysis, as described.

DNA extraction and sugarcane root DNA quantification.  DNA was extracted from root and soil sam-
ples, using the commercial DNA extraction service operated by SARDI, Adelaide12. The efficiency and consist-
ency of SARDI’s method to extract DNA from soil has been confirmed in comparison to commercial methods15. 
Prior to DNA extraction, a standard amount of internal control was added to each sample to assess both DNA 
extraction efficiency and PCR inhibition (Supplementary S2). Sugarcane root and internal control DNA were 
quantified by qPCR performed on QuantStudio7 real-time PCR system (Applied Biosystems, Foster City, CA, 
USA), using the PCR conditions described above. Each PCR plate included no-template controls as well as cali-
bration standards to calculate the amount of sugarcane root DNA per sample; results were reported as ‘Number 
of copies of the target DNA sequence per gram of sample’. None of the 194 soil samples failed the internal control 
quality check and only one of the 144 assay calibration samples (root plus sand) showed a slight PCR inhibition, 
confirming the robustness and consistency of the DNA extraction protocol.

Statistical analysis.  All the statistical analyses (linear regression, coefficient of determination, analysis of 
variance) and graphics were conducted in R27 using the tidyverse package28.

Data Availability
The datasets generated and analysed for this work are available from the corresponding author on request.

References
	 1.	 Otto, R., Trivelin, P. C. O., Franco, H. C. J., Faroni, C. E. & Vitti, A. C. Root System Distribution of Sugar Cane as Related to Nitrogen 

Fertilization, Evaluated by Two Methods: Monolith and Probes. Revista Brasileira De Ciencia Do Solo 33, 601–611, https://doi.
org/10.1590/S0100-06832009000300013 (2009).

	 2.	 Smith, D. M., Inman-Bamber, N. G. & Thorburn, P. J. Growth and function of the sugarcane root system. Field Crops Research 92, 
169–183, https://doi.org/10.1016/j.fcr.2005.01.017 (2005).

	 3.	 Poorter, H. et al. Biomass allocation to leaves, stems and roots: meta-analyses of interspecific variation and environmental control. 
New Phytol 193, 30–50, https://doi.org/10.1111/j.1469-8137.2011.03952.x (2012).

	 4.	 Wu, J. & Guo, Y. An integrated method for quantifying root architecture of field-grown maize. Annals of Botany 114, 841–851, 
https://doi.org/10.1093/aob/mcu009 (2014).

	 5.	 Wasson, A. P. et al. Soil coring at multiple field environments can directly quantify variation in deep root traits to select wheat 
genotypes for breeding. Journal of Experimental Botany 65, 6231–6249, https://doi.org/10.1093/jxb/eru250 (2014).

	 6.	 Pierret, A., Moran, C. J. & Doussan, C. Conventional detection methodology is limiting our ability to understand the roles and 
functions of fine roots. New Phytol 166, 967–980, https://doi.org/10.1111/j.1469-8137.2005.01389.x (2005).

	 7.	 McCormack, M. L. et al. Redefining fine roots improves understanding of below-ground contributions to terrestrial biosphere 
processes. New Phytologist 207, 505–518, https://doi.org/10.1111/nph.13363 (2015).

	 8.	 Ball-Coelho, B., Sampaio, E. V. S. B., Tiessen, H. & Stewart, J. W. B. Root dynamics in plant and ratoon crops of sugar cane. Plant and 
Soil 142, 297–305, https://doi.org/10.1007/BF00010975 (1992).

	 9.	 Battie Laclau, P. & Laclau, J.-P. Growth of the whole root system for a plant crop of sugarcane under rainfed and irrigated 
environments in Brazil. Field Crops Research 114, 351–360, https://doi.org/10.1016/j.fcr.2009.09.004 (2009).

	10.	 Chopart, J. L., Rodrigues, S., de Azevedo, M. C. & Medina, C. D. Estimating sugarcane root length density through root mapping 
and orientation modelling. Plant and Soil 313, 101–112, https://doi.org/10.1007/s11104-008-9683-4 (2008).

	11.	 Magarey, R. C. et al. Final report on SRDC project CLW002 (previously CSS02 & CSS2S) the role of root growth and activity in 
determining sugarcane productivity. (1999).

	12.	 Ophel-Keller, K., Mckay, A., Hartley, D., Herdina & Curran, J. Development of a routine DNA-based testing service for soilborne 
diseases in Australia. Australas Plant Path 37, 243–253, https://doi.org/10.1071/AP08029 (2008).

	13.	 Riley, I. T., Wiebkin, S., Hartley, D. & McKay, A. C. Quantification of roots and seeds in soil with real-time PCR. Plant and Soil 331, 
151–163, https://doi.org/10.1007/s11104-009-0241-5 (2010).

	14.	 Haling, R. E., Simpson, R. J., Culvenor, R. A., Lambers, H. & Richardson, A. E. Field application of a DNA-based assay to the 
measurement of roots of perennial grasses. Plant and Soil 358, 176–192, https://doi.org/10.1007/s11104-012-1405-2 (2012).

	15.	 Haling, R. E. et al. Direct measurement of roots in soil for single and mixed species using a quantitative DNA-based method. Plant 
and Soil 348, 123–137, https://doi.org/10.1007/s11104-011-0846-3 (2011).

	16.	 Huang, C. Y. et al. A DNA-based method for studying root responses to drought in field-grown wheat genotypes. Sci Rep 3, 3194, 
https://doi.org/10.1038/srep03194 (2013).

	17.	 Mckay, A. et al. In Global Issues, Paddock Action –14th Australian Society of Agronomy Conference. (Unkovich, M. J., 2008).
	18.	 Bithell, S. L., Tran-Nguyen, L. T., Hearnden, M. N. & Hartley, D. M. DNA analysis of soil extracts can be used to investigate fine root 

depth distribution of trees. AoB Plants 7, https://doi.org/10.1093/aobpla/plu091 (2014).
	19.	 Steinemann, S. Development and validation of a DNA-based root phenotyping method in maize (Zea mays L.), Universitätsbibliothek 

der TU München (2016).
	20.	 Leite, D. C. C. et al. Cell wall changes during the formation of aerenchyma in sugarcane roots. Ann Bot 120, 693–708, https://doi.

org/10.1093/aob/mcx050 (2017).
	21.	 Evans, D. E. Aerenchyma formation. New Phytologist 161, 35–49, https://doi.org/10.1046/j.1469-8137.2003.00907.x (2004).
	22.	 Otto, R. et al. The Role of Nitrogen Fertilizers in Sugarcane Root Biomass under Field Conditions. Agricultural Sciences 05, 

1527–1538, https://doi.org/10.4236/as.2014.514164 (2014).
	23.	 Keating, B. A. et al. An overview of APSIM, a model designed for farming systems simulation. European Journal of Agronomy 18, 

267–288, https://doi.org/10.1016/S1161-0301(02)00108-9 (2003).
	24.	 Wang, Z., Burch, W. H., Mou, P., Jones, R. H. & Mitchell, R. J. Accuracy of Visible and Ultraviolet Light for Estimating Live Root 

Proportions with Minirhizotrons. Ecology 76, 2330–2334, https://doi.org/10.2307/1941705 (1995).
	25.	 Aubrey, D. P. & Teskey, R. O. Stored root carbohydrates can maintain root respiration for extended periods. New Phytol 218, 

142–152, https://doi.org/10.1111/nph.14972 (2018).
	26.	 Whittaker, A. & Botha, F. C. Carbon Partitioning during Sucrose Accumulation in Sugarcane Internodal Tissue. Plant Physiol 115, 

1651–1659, https://doi.org/10.1104/pp.115.4.1651 (1997).
	27.	 R: A Language and Environment for Statistical Computing (R Foundation for Statistical Computing, Vienna, Austria, 2017).
	28.	 tidyverse: Easily Install and Load the ‘Tidyverse’ (2017).

http://dx.doi.org/10.1590/S0100-06832009000300013
http://dx.doi.org/10.1590/S0100-06832009000300013
http://dx.doi.org/10.1016/j.fcr.2005.01.017
http://dx.doi.org/10.1111/j.1469-8137.2011.03952.x
http://dx.doi.org/10.1093/aob/mcu009
http://dx.doi.org/10.1093/jxb/eru250
http://dx.doi.org/10.1111/j.1469-8137.2005.01389.x
http://dx.doi.org/10.1111/nph.13363
http://dx.doi.org/10.1007/BF00010975
http://dx.doi.org/10.1016/j.fcr.2009.09.004
http://dx.doi.org/10.1007/s11104-008-9683-4
http://dx.doi.org/10.1071/AP08029
http://dx.doi.org/10.1007/s11104-009-0241-5
http://dx.doi.org/10.1007/s11104-012-1405-2
http://dx.doi.org/10.1007/s11104-011-0846-3
http://dx.doi.org/10.1038/srep03194
http://dx.doi.org/10.1093/aobpla/plu091
http://dx.doi.org/10.1093/aob/mcx050
http://dx.doi.org/10.1093/aob/mcx050
http://dx.doi.org/10.1046/j.1469-8137.2003.00907.x
http://dx.doi.org/10.4236/as.2014.514164
http://dx.doi.org/10.1016/S1161-0301(02)00108-9
http://dx.doi.org/10.2307/1941705
http://dx.doi.org/10.1111/nph.14972
http://dx.doi.org/10.1104/pp.115.4.1651


www.nature.com/scientificreports/

1 1SCIentIfIC REPOrtS |         (2018) 8:16720  | DOI:10.1038/s41598-018-34844-3

Acknowledgements
This work was funded by the Early Career Research award 2015/402 from Sugar Research Australia. Findings 
from this work have been published in Sugar Research Australia Ltd (SRA) project 2015/402 final report licenced 
under a Creative Commons Attribution-Non Commercial 4.0 International license. The authors would like to 
acknowledge HCPSL and Dr Donna Glassop for providing access to their field trials. Acknowledgment as well to 
Dr Emilie Fillol from SRA for providing sugarcane weed samples. Acknowledgment to the two CSIRO internal 
reviewers Dr Rebecca Haling and Dr Graham Bonnett for their valuable comments and suggestions to improve 
the quality of the paper.

Author Contributions
J.S.P. and A.L.R. conceived the original project and research plans with the contribution of A.C.M. and D.G.D. 
J.S.P. and J.M.P. conducted most of the experiments. A.C.M. and D.G.D. set up the SARDI molecular diagnostic 
laboratory for high throughput delivery of the sugarcane assay and processed and analysed all samples submitted. 
D.M.H. provided advice on TaqMan assay design. J.S.P. analysed the data. J.S.P. wrote the article with the 
contribution and editing from A.L.R., D.G.D. and A.C.M.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-018-34844-3.
Competing Interests: The South Australian Research and Development Institute (SARDI) has Intellectual 
Property Rights to a body of secret and confidential technical data and skills concerning “DNA soil extraction 
protocol”. Drs McKay and Giblot-Ducray representing SARDI provide DNA extraction and testing services 
available to research groups worldwide and provide testing services to grains and horticultural producers 
in Australia. SARDI is willing to licence the technology internationally. Drs McKay and Giblot-Ducray, 
currently or have received funding in the past from Grains Research and Development Corporation (GRDC), 
Horticulture Innovation Australia (HIA), South Australian Grains Industry Trust (SAGIT), Meat and 
Livestock Australia (MLA), Fisheries Research and Development Corporation (FRDC) and Sugar Research 
Australia (SRA) for provision of research involving “DNA soil extraction” services from soil and sediments. 
Drs McKay and Giblot-Ducray receive no personal benefit from the provision of the services or exploitation of 
the Intellectual Property Rights and are bound by confidentiality conditions through their employment with 
SARDI.
Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2018

http://dx.doi.org/10.1038/s41598-018-34844-3
http://creativecommons.org/licenses/by/4.0/

	DNA based diagnostic for the quantification of sugarcane root DNA in the field

	Result

	TaqMan assay specificity test. 
	ITS copy number. 
	Assay calibration. 
	Root DNA decay over time. 
	Effect of nitrogen fertiliser on root systems. 
	Root viability after harvest. 

	Discussion

	Varietal difference in ITS copy number is limited in sugarcane. 
	Relationship between root biomass and test results. 
	Root DNA decay in the soil. 
	Field sampling variability. 
	Sugarcane roots are still alive two weeks after harvest. 

	Materials and Methods

	Development of the sugarcane-specific quantitative PCR primers and TaqMan probe. 
	Sugarcane ITS copy number quantification. 
	Assay calibration based on root weight. 
	Rate of decay of root DNA in soil. 
	Assay validation. 
	Effect of nitrogen regime on root mass in the soil. 
	Root turnover after harvest. 
	DNA extraction and sugarcane root DNA quantification. 
	Statistical analysis. 

	Acknowledgements

	Figure 1 Relationship between the root dry weight and the quantity of target DNA extracted and measured from root samples from six sugarcane varieties (n = 3).
	Figure 2 Linear relationship between root dry weight and the quantity of target DNA extracted and measured for all varieties combined for each depth, before (A) and after (B) normalization to take into account varietal differences in ITS copy number.
	Figure 3 Root DNA decay over time in moist (blue) and dry (green) soil samples (n = 6 per boxplot) spiked with 200 mg of lyophilized sugarcane roots.
	Figure 4 Root distribution in the soil profile expressed as root weight density for a ratoon crop (variety Q208) fertilized with N at 140 kg ha-1 as slow release fertilizer (green) or as urea (blue) or without any fertilizer added (red).
	Figure 5 Root distribution in the soil profile at harvest (T0 red) and one week (T1 green) or two weeks (T2 blue) after harvest for four sugarcane varieties and an uncut control (Q240 control).
	Table 1 TaqMan assay sensitivity and specificity assessment using four sugarcane varieties and eight common weeds of sugarcane cultivation.
	Table 2 Genetic variation in ITS copy number amongst 31 sugarcane cultivars.
	Table 3 Origin and number of ITS sequences retrieved from the NCBI nucleotide database from sugarcane and its relatives used to obtain a consensus sequence for the cloning of the ITS1-5.
	Table 4 TaqMan assay primer and probe sequences.




