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Welcome to the Journal of Industrial Hemp

It has been two years since the publication of the twelfth and final is-
sue of the Journal of the International Hemp Association (JIHA), Vol-
ume 6, #2. We are extremely proud to present the first issue of its long
awaited successor, Volume 7, #1 of the Journal of Industrial Hemp:
Production, Processing and Products. We will remain true to the found-
ing principles of the International Hemp Association, including our
dedication to “the advancement of Cannabis through the dissemination
of information.” Like its predecessor, the Journal of Industrial Hemp
(JIH) will be published biannually.

The JIH is the central source for both peer-reviewed scientific and reli-
able practical information on successfully growing, processing and intro-
ducing hemp products. Because the journal focuses strictly on hemp, it
can offer practical information for farmers and business people as well as
the latest research results for scientists interested in the industrial uses of
Cannabis. Contributions concern fibre, seed, and resin, and can come
from a wide range of disciplines such as agronomy, chemistry, ecology,
economy and markets, ethnography, history, genetic resources and
breeding, plant and crop physiology, phytopathology, products and ap-
plications, regulatory issues, and technology. The JIH is an essential re-
source for agronomists, environmental scientists, natural fibre and food
advocates, hemp businesses, hemp enthusiasts, and libraries.

The wide range of subjects treated in the JIH is reflected in the con-
tents of this charter issue. The section containing peer-reviewed papers
opens with a contribution by Giuseppe Mandolino and Paolo Ranalli re-
viewing the most recent advances in hemp molecular biology and
marker-assisted breeding. Special emphasis is given to the use of mo-
lecular markers for the evaluation and exploitation of hemp variability,
for the study and the identification of sex, and for the application to the
breeding of plants with specific cannabinoid compositions.

The contribution by John McPartland presents a wide ranging review
of the epidemiology of the hemp borer, one of the major hemp pests.
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Amongst other topics, the insects life cycle, its geographic range and
taxonomy, and a range of control methods are discussed.

Jens Dreyer and his colleagues present their experimental results with
respect to a comparison of enzymatic separation, chemical separation and
separation by means of steam explosion applied to hemp and nettle fibre.
Their results will contribute to opening the way for sustainable and local
production of fibre for quality textiles with low impact on the environment.

A new process for the production of reinforced biocomposites from
hemp and flax is presented by Bodil Engberg Pallesen and Tom Løgstrup
Andersen. Their results suggest that the products resulting from this pro-
cess are cheaper and present a more attractive environmental profile than
comparable products resulting from processes currently in use.

A short methodological paper by Robert Clarke presents a new tool for
researchers: an interview schedule and questionnaire for studying Canna-
bis use in any field situation. The schedule accommodates a wide range
of possible uses including use as a raw material for industry, medicine,
food, feed, and for both ritual and recreational usage. Ultimately, this in-
terview schedule could be used as a basic structure for gathering and inte-
grating information into a single world-wide Cannabis use database.

The first two papers in the section for popular (non-peer-reviewed) pa-
pers explore the northernmost limits of hemp growing. Jan Bojer
Vindheim presents a very interesting and nicely illustrated overview of
the history of hemp in Norway. We learn that, in the nineteenth century,
Norwegians used to lift their hats in greeting when approaching a field of
hemp. Hemp use in Norway goes back 2000 years and hemp cultivation
was supported by kings and parish priests. The paper by Jace Callaway
from Finland shows that hemp not only has a long history in the Nordic
countries, but also current research activities and a promising future. The
article reviews the potential of hempseed adapted to northern latitudes as
both food and feed. Given the unique nutritional package in terms of di-
etary oil, protein, vitamins and minerals supplied by hempseed, the au-
thor sees its future as a viable replacement for imported soya in Northern
Europe, both as human food and as a feedstock for animals.

Michael Karus and Markus Kaup look at the market potential of hemp
in the European automobile industry. Their paper presents data showing
the increased demand for non-wood natural fibres in car production over
the past four years. In particular, the use of hemp and kenaf shows
above-average rates of increased usage. The use of natural fibres in the
German automotive industry increased by 19% from 1999 to 2000, while
the use of hemp increased by 90%, making native hemp fibre the second
most important natural fibre in the German automotive industry. Michael
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Karus also supplied us with a short news-release presenting the European
Industrial Hemp Association, which can be found at the and of this issue.

Marc Deeley presents a summary of his M.Sc. thesis, where he paints
an optimistic picture of hemp’s potential as a biomass crop for energy
production, which may contribute to climate change mitigation.

Another contribution by Paolo Ranalli presents a short overview of a re-
search project in progress, which is funded by the Italian Ministry of Agri-
culture. The project’s name is: “Fibre hemp: From production to utilization,”
and focuses on key themes of the crop; e.g., genetic resources, breeding, bio-
technology and molecular biology, agrotechnology, processing, spinning
and final products. A contribution by Henry Gage rounds out this first issue
by presenting the results obtained with the Finola cultivar in 2001.

To succeed, the Journal of Industrial Hemp not only needs the commit-
ment of past and current IHA members, but also must reach out to new
subscribers and contributors worldwide. As always, we are soliciting
manuscripts for publication. We are interested in articles reporting on ex-
perimental works and review papers, as well as popular papers presenting
scientific or technical results to the general public. In addition, we seek
articles about new hemp developments, scientific conferences, and hemp
museums. As always, letters to the Editor are welcome. We encourage any
potential contributors to contact Hayo van der Werf, Editor at: derwerf@
roazhon.inra.fr. The reawakening of the long dormant hemp industry
promises an exciting future for all of those interested in hemp.

The JIH is the official journal of the IHA and a subscription to the JIH
is included with IHA membership (US$ 45 / EURO 50 per year). Mem-
bers will also receive an IHA members’ directory, and access to advice
from other IHA members, as well as access (by appointment) to the
IHA library and our modest hemp collection with over 1000 hemp items
from around the world. The IHA is a member-supported organization
and always responds to the requests of its members over non-members.
All IHA staff are unpaid volunteers. All twelve issues of the JIHA,
printed on pure hemp paper, are still available through the IHA. The
IHA can be contacted at: iha@euronet.nl. We hope you will join us in
supporting this reintroduction of hemp!

Robert Clarke
Projects Manager, IHA

David Pate
Secretary, IHA
David Watson

Chairman, IHA
Hayo M. G. van der Werf

Editor
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LETTER TO THE EDITOR

I would like to comment on an article by Sytnik and Stelmah pub-
lished in the June 1999 issue of this journal [JIHA], entitled “The char-
acter of inheritance of differences in cannabinoid content in hemp
(Cannabis sativa L.).” The authors do not adequately distinguish be-
tween qualitative and quantitative modes of inheritance, both of which
are involved in cannabinoid production. Qualitative traits are controlled
by one or two “major” genes, while quantitative traits are controlled by
several “minor” genes, each exhibiting a small effect. The ratio of
THC/CBD is a qualitative trait, and the yield of THC + CBD is quantita-
tive. These are two distinctly different traits, with different modes of in-
heritance. The investigators state that they crossed hemp strains
“practically devoid of THC and CBD” to a strain containing “large
amounts of cannabinoids.” However, the segregation ratios that Sytnik
and Stelmah observed in F2 and BC1 generations are qualitative, not
quantitative. What they should have stated is that they crossed hemp
lines having a low THC/CBD ratio to a line with a high THC/CBD ratio.
Their “semi-quantitative” methodology of thin-layer chromatography
is not suitable for comparing cannabinoid yields between plants. It
merely provides a visual indication of the relative amounts of THC and
CBD in a given sample. The investigators would have obtained similar
segregation patterns, regardless of the quantitative levels of THC and
CBD produced by their parental strains. The confusion between the two
modes of inheritance carries over into their results. The authors state
that, “in the F2 generation, a segregation of about a quarter of the plants
with low CBD and THC content can be seen.” What they should have

Journal of Industrial Hemp, Vol. 7(1) 2002
http://www.haworthpressinc.com/store/product.asp?sku=J237

 2002 by The Haworth Press, Inc. All rights reserved. 5

http://www.haworthpressinc.com/store/product.asp?sku=J237


stated is that about a quarter of the plants had a low THC/CBD ratio, not
a low CBD and THC content. They concluded that the genetic control
of THC and CBD biosynthesis is monogenic in character, but that it is
more logical to assume that it is controlled by closely linked, independ-
ent genes. Their rationale is that the segregation ratios were not “exactly
the same” in all combinations of crossing. This argument is faulty (al-
though their conclusion may be correct), because it does not account for
sampling error. In their introduction, Sytnik and Stelmah conclude that
inheritance of cannabinoid production may be “blending, polygenic,
and sex-linked,” but they do not elaborate.

The distinction between qualitative and quantitative inheritance of
THC and CBD is of practical importance to hemp breeders. Sytnik and
Stelmah are correct in pointing out that it is a relatively simple proce-
dure to produce certifiable hemp strains by selecting parents with a low
THC/CBD ratio. It is much more difficult for a breeder to select for low
THC + CBD yield, since there are undoubtedly a large number of ge-
netic and environmental factors affecting this trait. Important factors
likely to have a genetic component are the density of the glandular tri-
chomes on the plant surface, and the size of the resin heads. Environ-
mental factors affecting cannabinoid production include day length,
and nutrient levels (to name a few). The confounding of environmental
and genetic effects on cannabinoid yield makes it a difficult trait to se-
lect upon. Hemp breeders need to focus their attention on traits of eco-
nomic importance, such as fiber strength and yield. The complexity of
their task is compounded if they must simultaneously select for low
cannabinoid yield. There is no economic advantage in growing a fiber
crop of hemp that yields 0.01 % THC over one that yields 0.3 %, or even
1.0 % THC, unless perhaps the sticky resin interferes with processing. It
is imperative that regulatory agencies establish maximum allowable
limits of THC with regard to natural levels of variation. In practical
terms, the acceptable limit should be set at a level somewhat higher than
that which naturally occurs in plants having a low THC/CBD ratio. In
my studies, several plants grown from certified hemp seed exceeded 0.3
% THC (dry weight of pistillate inflorescences), although THC levels
rarely exceeded 1.0 %. I therefore recommend that the maximum allow-
able amount of THC in certified hemp be set at 1.0 %, rather than the
value of 0.3 % originally suggested by Dr. Ernest Small.

Karl Hillig
khillig@bio.indiana.edu

17 November 2001
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and analysis of hemp genetic structure by using RAPD technique. The

results are presented about the statistical treatment of the molecular data.

In addition, markers tightly linked to the male sex and their applications

are discussed, and a short protocol for direct amplification of such

markers from hemp tissue is provided. A molecular map of hemp, in-

cluding a number of RAPD markers obtained from a progeny of a cross

between a female Carmagnola plant and a monoecious accession is also
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INTRODUCTION

In the last fifteen years, the use of a number of techniques involving
DNA manipulation and fingerprinting has greatly enhanced the possi-
bility of studying the plant genomes; the advent of PCR-based tech-
niques made these type of applications faster and more reliable. The
unit cost of most of the molecular techniques useful in plant breeding
dropped enough to allow widespread use of this approach, at the level of
small-sized seed companies. As a consequence, in the last decade the
information on genetic polymorphisms, molecular maps and trait-
linked markers exponentially grew and was extended to plant species
barely studied until a few years ago.

Hemp is no exception to this scheme. Until 1995, no papers dealing
with molecular markers in the species Cannabis sativa had been pub-
lished. The reintroduction of hemp cultivation in most European coun-
tries since 1996 led in the last few years to the application of many
molecular biology techniques to this species, with a particular aim to the
specific problems and the traits of value for this crop.

Since the beginning, the study at the molecular level of this plant spe-
cies mainly focused on three aspects of biology and physiology: fibre,
sex, and secondary metabolism. These traits are of paramount impor-
tance in hemp breeding, and many of the efforts devoted to the applica-
tion of molecular tools to this ancient and traditional plant are aimed to
understand, exploit and, in the future, modify these characters.

In this article, the most recent advances in hemp molecular biology
and marker-assisted breeding are reviewed, with special emphasis on
use of molecular markers for the evaluation and exploitation of hemp
variability, for the study and the identification of sex, and for the appli-
cation to the breeding of plants with specific cannabinoid compositions.
The other important field of application of molecular biology to hemp
genetics is represented by the study and the identification of the genes
involved in fibre biosynthesis. The work on these topics is still at a very
early stage, though the wide syntheny of plant genomes will probably

8 JOURNAL OF INDUSTRIAL HEMP

http://www.HaworthPress.com


soon allow the exploitation of molecular tools derived from studies on
flax (genes, expressed partial sequences, markers; Ebskamp et al.,
2000).

GERMPLASM AND VARIETY CHARACTERIZATION

Molecular markers, and particularly DNA-based markers, have been
widely employed to highlight the genetic structure of several crop spe-
cies, to identify a molecular profile characteristic of a given variety (fin-
gerprint), or to track specific traits of interest. Isozymes, RFLP, RAPD,
AFLP, and microsatellite have been used for these purposes; each has
advantages and disadvantages. The possibility to carry out the varietal
characterization, and the strategy to use, strictly depends upon the ge-
netic structure of a variety, that is extremely different in the different
crop species. Hemp is a dioecious and obligate outbred species, with a
high degree of variation. Early papers dealing with DNA markers high-
lighted the existence of a high level of molecular polymorphism (Faeti
et al., 1996). This high degree of polymorphism makes the molecular
fingerprinting of hemp varieties and germplasm difficult; it is necessary
to estimate, from statistical parameters derived from the molecular pat-
tern, the degree of variation within each variety and accession and to
compare it with the extent of variation between the different materials
that are to be characterized. This means that hemp characterization re-
quires that the molecular pattern of a variety must be considered as an
“average” for that variety, and a number of different plants must be con-
sidered for analysis. This is a situation similar to other outbred species
like alfalfa, where many varieties are considered ecotypes; at the oppo-
site side of the spectrum there is potato where, being each variety a
clone, no within-varieties variation is found.

The question arises whether or not molecular markers are able to de-
scribe the genetic structure of a variety or accession, and which tools are
required. In our institute during a work on RAPD markers in hemp
(Random Amplified Polymorphic DNA, Williams et al., 1990, a tech-
nique relying upon the amplification of DNA segments mediated by
single decamer oligonucleotides of random sequence acting as primers),
we examined in detail six varieties: a dioecious landrace (Carmagnola), a
dioecious selection derived from it (C.S.), a cross-bred cv. (Fibranova),
a monoecious cv. (Fibrimon), a drug strain (Northern Light) and an in-
bred female line belonging to HortaPharm B.V., The Netherlands. The
origin of these materials and the strategy used to breed them was
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known, and we evaluated the correlation between the information and
the results obtained by examining 102 RAPD loci generated by 5 differ-
ent decamer primers (Forapani et al., in press). Ten individual plants of
each variety were examined, from the same seed lot. The results are
shown in Table 1.

This table shows the total number of scorable band positions (loci),
the number of fixed loci (i.e., bands present in all 10 plants examined
per cultivar), the number and percentage of polymorphic loci, and the
presence and quantity of variety-specific alleles (i.e., bands present in
all plants of one variety and absent in all plants of the others). The aver-
age allele frequency and the heterozygosity averaged over all loci are
also reported, as calculated by the TFPGA software (Tools For Popula-
tion Genetic Analysis; Miller, 1999). This software, on the basis of a
matrix derived from the presence/absence data for each plant, calculates
all the parameters shown in Table 1, and their degree of significance,
using a built-in bootstrapping procedure.

The data (Carboni et al., 2000) indicated the presence of different de-
grees of polymorphism within each variety. The number of scorable
loci was highest for Fibranova and lowest for the inbred line. The num-
ber of fixed loci was very similar for the three Italian varieties
(Carmagnola, C.S., and Fibranova), and significantly higher for the
French fibre cultivar Fibrimon, for the drug variety Northern Lights,
and for the female line 92.73.2.13. On the other hand, the number and
percentage of polymorphic loci showed an opposite trend. Very similar
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TABLE 1. Statistical parameters relative to the loci identified by RAPD analy-
sis, and characterizing the six hemp varieties studied. The data relative to all
the varieties cumulatively are shown in the last line.

Cv. Loci Alleles

Total no. Fixed Polymorphic Percent of
polymor-

phism

Cv. specific
loci

Av.
allele

frequency

Av.
heterozygosity

Carmagnola 68 14 54 79.4 - 0.46 0.20

CS 71 15 56 78.9 - 0.47 0.20

Fibranova 83 12 71 85.5 - 0.42 0.26

Fibrimon 62 24 38 61.3 - 0.64 0.15

Northern
Lights

61 26 35 57.4 3 0.67 0.15

b92.73.2.13 45 31 14 31.1 5 0.79 0.05

ALL 102 3 99 97.1 0.58 0.29



values were found for Carmagnola landrace and its derived selection
C.S. (79.4% and 78.9%, respectively). A sharp decline in the number of
scorable and polymorphic loci was observed for the monoecious fiber
cultivar Fibrimon and for the dioecious drug variety Northern Lights.
Finally, the lowest levels of all the parameters characterized the line
92.73.2.13, where the sex specific polymorphism was absent. As ex-
pected, the highest average allele frequency was found for this same
line, while hybrid cultivar Fibranova showed the lowest value.

In the same table, estimates of unbiased heterozygosity are reported.
‘Carmagnola’ and ‘CS’ are indistinguishable (0.20), while ‘Fibranova’
showed the highest heterozygosity (0.26), and ‘Fibrimon’ and ‘North-
ern Lights’ had the same lower value (0.15). Finally, the average poly-
morphism (97.1%) and heterozygosity (0.29) are also reported,
estimated for the hemp species as a whole.

The number of markers scored, of polymorphism and of hetero-
zygosity is highest for the most heterogeneous materials, like the
cross-bred ‘Fibranova’ or the ecotype ‘Carmagnola’. The breeding
work done to narrow the genetic basis of the cv. Fibrimon (necessary to
maintain the monoecious trait) and of the cv. Northern Lights (neces-
sary to keep high and uniform the THC content) is clearly visible as a
decline in the number of bands and in a lower heterozygosity and a more
pronounced tendency to fix a number of alleles. The inbred line used in
this work can be viewed as an extreme situation, with the lowest num-
ber of bands, polymorphism and heterozygosity. The analysis also sug-
gests that, if originally the cv. CS (a selection from Carmagnola) had a
narrower genetic basis, this feature got lost, as no parameter is able to
distinguish it from the variety it was derived from, at least on the basis
of the seed lot considered. It can be concluded that the use of RAPD
markers coupled with the use of specific population analysis softwares
can describe the materials examined with good accuracy and agreement
with the known characteristics of the varieties.

The huge variability present in most hemp cvs. has also been esti-
mated by using a software, AMOVA (Analysis of Molecular Variance,
Excoffier et al., 1992; Miller, 1998), that gives, on the basis of the
RAPD patterns, the partition of the variability as within-cvs. or be-
tween-cvs. Considering all the primers used, the results averaged over
all the cvs. examined indicate that 51.2% of the observed variation was
explained by among-individual differences within cultivars, and only
48.8% was explained by among-cultivar variation. In other words, any
given difference in the observed phenotype (i.e., in the DNA pattern ob-
served) has quite the same chance to be due to differences between indi-
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vidual plants of the same variety or to differences between different
varieties. This can be considered a good indication of the already sug-
gested existence of a single gene pool with limited genetic separations
among groups (de Meijer, 1999).

The results obtained by using RAPD markers on the materials de-
scribed suggest that the heterozygosity level of hemp is such that F1
generations could be used for constructing a molecular map, because
many of the scored markers appear to be present in an heterozygous
state, as estimated by the statistical analysis performed, and confirmed
by the examination of some specific crosses (see below).

THE GENETICS AND MARKER-ASSISTED
SELECTION OF SEX

Molecular Markers for Sex

Hemp is a dioecious species in nature. Sex has long been recognized
as a main trait to keep track of, for reasons concerned with chemotype
breeding and selection (the maximum expression of cannabinoid con-
tent is obtained upon flowering of female plants) and with fibre quality
selection (the Bredemann principle; Bócsa and Karus, 1998). In the
breeding practice, therefore, it may be useful to have the possibility of a
discrimination of the sexes, at a stage as early as possible. This would
allow for example the identification of male plants well before flower-
ing when their fibre content and quality need to be scored according to
the Bredemann method before pollination of female plants. Besides, an
early and safe identification of male individuals could be of value in the
breeding of monoecious hemp, where the percent of genetically male
plants must be kept at low levels in order not to lose the monoecious
trait in the multiplication cycles. In monoecious hemp breeding, the use
of a fast and reliable system to identify male plants could be considered
a true quality check of elite seed stock.

In the past, several attempts have been made to early identify the sex
of dioecious hemp by means of biometrical properties of the plants, us-
ing strictly vegetative traits (Lacombe, 1980). This type of analysis,
however, only allows for a statistical differentiation of the two sexes. A
molecular marker tightly linked to one or both sexes would provide an
ideal tool for the purpose of early discrimination, as already done in
other dioecious species of agronomical interest like hops (Polley et al.,
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1997), asparagus (Jiang and Sink, 1997; Reamon-Büttner and Jung,
2000), Actinidia (Gill et al., 1998).

Besides, hemp has heteromorphic sex chromosomes, like Rumex and
Silene, with a Y chromosome reported to be bigger than the X chromo-
some. The extra DNA content in the male plants has been evaluated to
be about 3% of the whole genome (Sakamoto et al., 1998). These data
suggest that there should be a number of male-specific DNA segments
detectable on the hemp genome and potentially useful to discriminate
male from female plants.

The first report of a male-associated DNA marker was from
Sakamoto et al. (1995); these authors identified a DNA band present in
five male plants tested and absent in five female plants. The strategy
used to identify this marker was the RAPD technique already described
above. The DNA band identified by these authors was 730 bp long, and
a 164 bp subcloned fragment was found that, when used as a probe in
Southern blot experiments on male and female digested DNA, yielded a
number of sex specific polymorphisms. The male specific DNA frag-
ment was sequenced and the sequence named MADC1 (Male Associ-
ated DNA from Cannabis 1). Despite these results the authors did not
try to extend the validity of their markers to germplasm different from
the single CBD strain used; besides, no attempts were made to apply
their markers for a routine analysis based on markers such as STS (Se-
quence Tagged Sites) or SCAR (Sequence Characterized Amplified
Region), more reliable than RAPD markers, for they are based on am-
plification of genomic DNA with specific, 15-25 bp long oligo-
nucleotides as primers.

Mandolino et al. (1997) identified a 400 bp RAPD male-specific
marker that was isolated, cloned and sequenced (MADC2; Mandolino
et al., 1999). The presence of the marker, and the tight association with
the male phenotype was validated examining a wide range of
germplasm for the occurrence of the RAPD marker (Mandolino et al.,
1998). Therefore, this marker was considered a good starting point for
the development of more specific and reliable PCR based markers. A
pair of primers was designed (59-GTGACGTAGGTAGAGTTGAA-39,
and 59-GTGACGTAGGCTATGAGAG-39) able to amplify from male
genomic DNA a 391 bp fragment as a single entity. The sequence con-
stituting the marker is also present in female and monoecious plants, as
demonstrated by the fact that this marker fails to discriminate sexes in
Southern blots analysis when used as a RFLP probe; however, the result
of PCR amplification using the SCAR marker (named SCAR400) shows
a clear polymorphism between male plants and female/monoecious

Giuseppe Mandolino and Paolo Ranalli 13



plants in simple agarose-gel analyses (Figure 1). This marker has been
shown to have a general validity, useful on very different materials and
successfully tested also in a different laboratory (Dr. Andreas Peil, per-
sonal communication), it is public and immediately employable for all
laboratories with a minimum equipment requirement. Its efficiency is
close to 100%.

In the breeding practice, it would be useful a protocol as fast and sim-
ple as possible for the use of the described marker. In fact, a routine
analysis should in principle avoid the isolation of genomic DNA from
plant tissues, a procedure that still has labor intensive and time consum-
ing steps (e.g., necessity to grind under liquid nitrogen the leaf or stem
tissue from a high number of plants). However, simplified protocols do
exist, particularly useful when specific primers are used in PCR assays,
requiring higher annealing temperatures compared with the RAPD
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FIGURE 1. Result of the screening with the SCAR400 marker of 29 hemp plants
at the 4-leaves stage. The method followed is described in the text. Lanes f, fe-
male plants; lanes m, male plants; lane M, molecular weight marker (1 kb lad-
der, Life Technologoies, U.K.). Arrows indicate the 400 bd male-specific band.



primers. In our laboratory, a protocol modified from Klymiuk et al.
(1993; Table 2) was employed to speed up the analysis times and to cut
down costs and labor as much as possible.

In this protocol, a crucial point is the quality of the tissue used for
analysis. For successful analyses, particular care is recommended in re-
specting the times and the temperatures of incubation, as these appear to
be the critical steps, along with the tissue quality. Using this method on
a routine basis, we have normally a 98% success in amplification, and,
therefore, it is possible to attribute exactly the sex to almost all the
plants analyzed, as shown in Figure 1. The equipment required for this
method is not sophisticated and expensive (water bath, table centrifuge, ther-
mal cycler, horizontal electrophoresis equipment, UV transilluminator) and
can easily be accommodated in a single room; therefore, we believe that
the early and precise identification of the male plants in dioecious and
monoecious hemp breeding practice is feasible at limited costs, and can,
therefore, be profitably exploited for some specific application.

We now know that several are the male-specific RAPD markers; in a
survey of 180 primers, corresponding to approximately 1500 DNA
bands produced, 10 bands were found constantly present in all the male
plants of all varieties and accessions found, and absent in the female or
monoecious plants. This is a quite high percent, considering that in
other dioecious species not endowed with heteromorphic chromosomes
a much wider screening had to be done in order to find sex-associated
markers (Hormaza et al., 1994). A progeny analysis, showing a com-
plete lack of recombinational events between all the male-specific
markers identified and the phenotype, suggests that these markers map
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TABLE 2 . The main steps of the rapid determination of sex in hemp plantlets at
the 4-leaves stage (modified after Klymiuk et al., 1993).

– Use the distal portion (about 4-5 mm long and 3-4 wide) of a leaflet from the first or second
node;

– Place the tissue in an Eppendorf tube, add 40 µl NaOH 0.25 N;
– Place tube in a boiling water bath for 35 sec.;
– Neutralize adding 40 µl HCl 0.25 N and 20 µl Tris-Cl 0.5 M (pH 8.0)/ Triton X-100 0.25%;
– Spin briefly in a microcentrifuge;
– Place tube in a boiling water bath for 2 min.;
– Pick up the tissue fragment using a sterile micropipette tip, taking care not to damage the tissue;
– Transfer the tissue on the bottom of a PCR tube;
– Add 25 µl of amplification mixture: Taq polymerase 1 unit, MgCl2 1.5 mM, dNTPs 0.125 mM

each, primers 4 ng/µl each (final concentrations in the mixture);
– Denature the mixture in a thermal cycler at 93°C for 2 min;
– Make 35 cycles of 1 min. at 94°C, 2 min. at 60°C and 2 min. at 72°C, with a final extension

step of 10 min. at 72°C; and
– Run 10 µl of the amplification products at 5 V/cm. in a 1.5 % agarose gel.



on the part of Y chromosome excluded from pairing with the X chromo-
some during meiosis (Mandolino et al., Euphytica, submitted). Direct
evidence for the position of male-associated markers also came from in
situ hybridization experiments with the MADC1 sequence identified by
Sakamoto et al. (2000) showing the presence of doublet signals only on
the part of Y chromosome not pairing with the X at meiosis. The two se-
quences (MADC1 and MADC2) are not related, but share features like the
G + C content and some degree of homology with plant retrotransposon
sequences, and therefore it is likely that they derive from the same re-
gion of Y chromosome. Finally, it has been shown that a number of
sex-related markers are also identifiable when the AFLP technique
(Amplified Fragment Length Polymorphisms; Vos et al., 1995) is ap-
plied to the study of hemp genome (Peil et al., 2000), but no information
on the involved sequence and behavior of the markers in progeny tests
is available yet.

Gene Expression of Sex

The flexibility of the sex expression in hemp can make the work on
molecular markers more difficult, but does offer an unique chance to in-
vestigate the factors influencing the sex phenotype and the transduction
pathways involved in its determination. Hemp can in fact be fully
dioecious, but also monoecious plants occur, in which the same genetic
background is differently regulated in the meristems giving origin to the
two types of flower. Besides, it has been reported that even a full
dioecious female plant can undergo partial or total reversion of the sex
(Mohan Ram and Sett, 1982), which is likely to require a massive
re-programmation of the genes involved in sex determination. Finally,
the understanding of the expression of the genes involved in sex expres-
sion and of the factors regulating them might be of practical importance,
as the mating system is one of the main objectives of breeding in hemp,
as discussed above.

The possibility to obtain fully fertile male flowers by chemical treat-
ment of a genetically female plant and the existence of several degrees
of monoeciousness implies that the Y chromosome is not the only factor
involved in the determination of male structures and functions. How-
ever, in an early stage of investigation, where the extent of male-female
differences need to be evaluated at the level of gene expression, typical
dioecious material is probably the best choice. We started recently a re-
search program in which the cDNA-AFLP technique is being employed
with the aim to identify the genes involved in the sex determination pro-
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cess. This approach uses the AFLP strategy not on the whole genomic
DNA, but on the cDNA, i.e., the subset of DNA that is expressed in a
particular tissue at a particular time. We used messenger RNA from
hemp buds at different stages of development and determination; the
tissue was picked up from plants of known sex, screened at a very early
stage with the SCAR400 marker described above. The mRNA is then
copied into DNA, and this DNA undergoes AFLP analysis. The prelim-
inary work led to the isolation of 919 bands corresponding to sequences
expressed in the early stages after determination and absent in the vege-
tative stage. About 50% of these sequences were expressed only in male
buds and 50% in the female buds. The following steps will be the identi-
fication of the subset of expressed sequences directly and effectively in-
volved in the events leading to the determination of the meristems, and
of the group of genes that are switched on and off during the reversion
of sex identity.

MOLECULAR MAPS

In our Institute, we are currently applying molecular markers to map
a particular monoecious source, found in some plants of an accession
from southern Italy. Monoeciousness occasionally occurs in different
forms in hemp, and some of these forms have been introgressed in culti-
vated material to constitute monoecious varieties; the types of
monoeciousness and the origin of the materials used has been reviewed
extensively elsewhere (Neuer and von Sengbush, 1943; Bócsa, 1999;
de Meijer, 1995). This trait is difficult to maintain, as even a small per-
cent of male plants can bring, in the next multiplication generation, to
the reversion of the stand to the dioecious state. Therefore, it would be
particularly useful to couple the use of male-specific markers to some
molecular marker able to follow in the breeding steps the monoecious
trait. Unfortunately, the monoeciousness is strongly influenced in its
phenotypic expression by environmental conditions and probably by a
number of modifying genes still poorly studied, despite a number of hy-
potheses have been made (Migail, 1986). Apparently, there are differ-
ent sources of monoeciousness, and a complete study on the differences
and identities between them could take advantage from the use of mo-
lecular markers, as already done for different genotypes and accessions
(Faeti et al., 1996).

The monoecious trait identified in our Institute (Dr. Giampaolo
Grassi, personal communication) was relatively easy to maintain, as
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upon selfing of monoecious plants all the progeny showed some degree
of monoeciousness; on the other hand, when crossed to a female
dioecious plant (cv. Carmagnola), a 1:1 segregation ratio of female to
monoecious individuals was observed on a 40 plants progeny. This be-
havior suggests a simple inheritance of the trait, though also for this ma-
terial a strong influence of the environment was observed in the
expression of the character in field conditions. This population, and
their parental plants, was examined by RAPD markers. It was found
that, also in hemp, DNA bands generated by decamer random primers
can effectively and reproducibly be considered as genetic loci and their
segregation followed in the progeny.

Up to now, 674 RAPD loci were scored. Among these, 269 (39.9%)
were polymorphic between the two parentals. In an F1 mapping experi-
ment, particular interest have those loci showing in the progeny a 1:1
segregation, i.e., belonging to the type Aa x aa. One hundred eighty-one
out of the 269 polymorphic loci belonged to this category. Among the
405-non polymorphic loci, 46 segregated 3:1 in the progeny; however,

these are not being used for F1 mapping. In general, the result of the χ2

test was not acceptable for only 16 loci out of 181 segregating 1:1 and
for 14 out of 46 segregating 3:1. A number of markers segregating 1:1
were placed, by using the MapMaker software (version 3.0), on two
maps, one for the ‘Carmagnola’ parent, and one for the monoecious ac-
cession. The ‘Carmagnola’ map is presently the most advanced, con-
sisting of 66 markers distributed on 11 linkage groups (Figure 2).

The monoecious accession map consists presently of 9 linkage
groups including 43 markers. The monoecious trait and several other
markers were not yet included in any of the linkage groups under the
conditions used; this is probably due to a still limited number of markers
used, and/or to uneven or incomplete coverage of the hemp genome by
the markers found. It should be noted that the map presented here does
not include the Y chromosome, being the result of a cross between a fe-
male and a monoecious plant; because all the male-specific markers de-
scribed in the previous sections do not show any recombination
between them and with the male phenotype, the map of Y chromosome
could only be a one-point, zero-dimensional map, as indeed has been
shown by a preliminary map presented by Peil et al. (2000) where 19
AFLP markers and the sex locus all map in the same point with a 0 dis-
tance between them. This is not the case of our map, where a higher
number of markers will probably lead to the identification of the 10
chromosomes.
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The improvement and saturation of the map derived from crosses in-
volving monoecious plants could, in the near future, lead to identify
DNA markers tightly linked to this important trait, with an important
impact on the breeding of monoecious varieties.

THE IDENTIFICATION OF MARKERS LINKED
TO THE CANNABIS TYPE

In the last few years, molecular markers found an application to fo-
rensic problems concerning the species Cannabis sativa. In the recent
past, a remarkable number of studies dealt with the identification of
hemp from other plant species using a number of sophisticated tech-
niques. The aim of many of these works was to allow the identification
of Cannabis present on different type of residues for legal reasons, i.e.,
to develop tools useful in the drug repression activities.
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FIGURE 2. Molecular map of hemp (Carmagnola variety). This map was ob-
tained at LOD = 3.0, maximum distance 30.0



Because of the importance of the problem of drug abuse and its re-
pression, the hope was that the molecular technology could have pro-
vided a new and effective set of tools for this purpose. Therefore,
several studies, during the last decade, investigated drug and fibre hemp
types at the molecular level. The first report of a DNA-based analysis,
aiming at the differentiation of hemp types was from Gillan et al.
(1995), that compared RAPD patterns with the HPLC profile of a num-
ber of samples; a full differentiation between the different individual
samples used was obtainable, but not correlated to the chemical profile,
and hence not useful for legal purposes. However, another study de-
scribed a method to use DNA markers to detect the presence of Canna-
bis material on skin (Wilkinson and Linacre, 2000) and the test was also
patented. The limitation of these tests is that they are able to identify the
presence of Cannabis sativa material and to distinguish it from other
plant species, but fail to discriminate drug from fibre hemp. It is ex-
tremely likely that any fibre hemp farmer would result positive to this
kind of tests, and get arrested even after having sown a zero-THC hemp
variety. Other authors used particular sequences shown to be specific
for Cannabis sativa; among these, the sequence of the spacer between
two chloroplast genes, trnL and trnF (Kohjyouma et al., 2000; Linacre
and Thorpe, 1998), or the ITS2 (nuclear ribosomal DNA Internal Tran-
scribed Spacer II) sequence (Siniscalco Gigliano et al., 1997). In these
experiments, specific primers for the target regions were used, leading
in all cases to an effective identification of Cannabis DNA from other
plant sources’ DNA; however, once again these methods failed to corre-
late positively with the cannabinoid type or content of the plants, and
cannot be used to discriminate fibre from drug hemp.

It is important, in our opinion, to realize that what is to be achieved is
the distinction between chemotypes, that can be all present within a sin-
gle population. This is particularly true in a scenario where hemp be-
came a widespread culture for industrial purposes. Actually, the
richness of hemp chemotypes is a potential resource to be investigated.
In fact, in the latest years an increasing knowledge of the potential ap-
plications of several different cannabinoids present in Cannabis strains
has raised the interest of pharmaceutical companies in several countries
for the exploitation of these substances at an industrial level (Dr.
Etienne de Meijer, personal communication; Mechoulam et al., 1998).
In this changed context, where Cannabis is no longer considered to be
an illicit plant and where (in an adequate normative frame) drug geno-
types might have an useful application, also the main objective of the
research should in our opinion be the identification of specific molecu-
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lar markers associated with the different cannabinoid types and/or con-
tent. This is likely to be a difficult task, as it is well known that there are
environmental influences (Bócsa et al., 1997; Lydon et al., 1987) and
dependance on the developmental stage (Fournier, 1981). However, it
is possible to realize crosses between pure drug strains and pure fibre
plants, where the traits of interest, in this case THC and CBD, segregate.
From these type of crosses–of little use from the breeding point of
view–populations suitable for the mapping of the cannabinoids by stan-
dard genetical techniques could be derived. The availability of markers
sufficiently linked to the cannabinoid type would make the selection
work for cannabinoid content in hemp easier and safer. Alternative
strategies could be the direct isolation of the genes involved in the meta-
bolic pathway of cannabinoids (Shoyama, 2000). The long-term target of
the mapping of the cannabinoid genes are their isolation and the possibil-
ity of their manipulation, for example, in hemp cell cultures to create
bioreactors in which the different molecules with useful biomedical ap-
plications could be produced with high efficiency and low costs, or for
the constitution of Cannabis varieties with different pure-cannabinoid
profiles, for both fibre and pharmaceutical end-use.
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Epidemiology of the Hemp Borer,
Grapholita delineana Walker

(Lepidoptera: Oleuthreutidae),
a Pest of Cannabis sativa L.

John M. McPartland

ABSTRACT. The hemp borer, Grapholita delineana, is newly described
from feral hemp in Vermont, USA. It may pose a serious pest should hemp
cultivation resume in the USA. A similar situation occurred in the 1960s,
when G. delineana suddenly became a serious pest in southeastern Europe.
Evidence suggests the pest was imported from its native range via infested
hemp seed. Larvae of G. delineana bore into stalks and destroy fiber, or they
infest flowering tops and destroy seed. The larvae and adults are described,
along with their life history, geographic range, and host range. Careful
phytosanitary measures can prevent the spread of G. delineana into quaran-
tine areas, such as western Europe, Canada, and the entire southern hemi-
sphere. Breeding hemp plants for resistance to G. delineana may prevent
future epidemics. Vermont feral hemp appears to be more resistant to G.

delineana than feral hemp growing in the Midwestern USA; the Vermont
germplasm may have descended from plants imported in the 1830s, called
“Smyrna” hemp, a western European landrace devoid of Chinese ancestry. Bi-
ological and chemical controls of G. delineana are described. [Article copies
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INTRODUCTION

In September of 2000, inspection of a field of feral hemp (Cannabis
sativa L.) revealed symptoms suggestive of the hemp borer, Grapholita
delineana. The feral hemp was located along the banks of the Winooski
River in Chittenden County, Vermont, USA. Plant symptoms included
stalk galls (Figure 1) and damaged seeds (Figure 2). Breaking open stalk
galls revealed feeding galleries but no larvae. Some stalk galls had exit
holes, and these contained the remains of pupal casings. Hand threshing of
flowering tops disclosed larvae pupatating within seed clusters. The larvae
were identical to the description of G. delineana, given below. Voucher
specimens were deposited at The Natural History Museum, London, UK.
This is the first report of G. delineana in the northeastern USA.

MORPHOLOGICAL DESCRIPTION

Larvae are pinkish-white to pale brown (Figures 2 and 3), eventually
growing up to 9-10 mm long. Several pale bristles (setae) are barely vis-
ible per segment. MacKay (1959) provided detailed line drawings of
segmental setae and pinacula, thoracic legs with claws, and abdominal
prolegs with crochets (as “Grapholitha tristrigana”). The head is dark
yellow-brown, hypognathous, with black ocelli, averaging 0.9 mm
wide when fully grown. Larvae pupate in silken cocoons covered with
bits of hemp leaf. Pupae are cylindrical with tapered ends, brown in
color, up to 7 mm long (Figure 3). Adults are tiny moths, with greyish-
to rusty-brown bodies and brown, fringed wings (Figures 3 and 4).
Body length and wingspan average 5 mm and 9-13 mm, respectively, in
males, and 6-7 and 10-15 mm, respectively, in females. Forewings ex-
hibit white stripes along the anterior edge with four chevron-like stripes
near the centre. Eggs are white to pale yellow, oval, 0.4 mm wide, and
laid singly on stalks and undersides of leaves (Figure 3).

LIFE HISTORY

Immediately after hatching, young larvae feed on leaves. In heavy in-
festations, leaves may become completely skeletonized (where larvae
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FIGURE 1. Fusiform-shaped stalk gall caused by the hemp borer, G. delineana.



selectively feed on the delicate leaf tissue between veins, leaving be-
hind a skeleton of leaf veins). Rarely, according to Mushtaque et al.
(1973), young larvae may bore into the narrow spaces insides leaves,
causing leafmining symptoms. After several days, larvae stop feeding
on leaves and bore into branches and stalks. Feeding galleries within
stalks cause plants to form fusiform-shaped galls. Stalks may split or
even snap at gall sites. The length of tunnels within galls averages only
1 cm (Miller 1982), or at most 2 cm (Nagy 1967). Boring near the termi-
nal shoot may kill the shoot and cause the stalk to bifurcate at that point
(Manolache et al. 1966).

Two or more generations arise per year, and late-season larvae feed
on flowers and seeds, hence the common names “hemp leaf roller” and
“hemp seed eater.” The larvae spin loose webs around terminal buds,
especially the seed clusters of female plants (Kryachko et al. 1965;
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FIGURE 3. Life cycle of the hemp borer, G. delineana. A. eggs, B. larva, C.
pupa, D. female moth (McPartland redrawn from Tsao 1963).

FIGURE 4. Adult moth of the hemp borer, Grapholita delineana.



Smith & Haney 1973). By September and October, the larvae go into hi-
bernation. Day length under 14 hours induces diapause (Sáringer &
Nagy 1971). Temperature also influences diapause–warm weather
slows photoperiodic effects. Larvae overwinter in cocoons, in curled
leaves or buds, bound together by strands of silk. Hemp borers also
overwinter as pupae in stalks, roots, and stored seed (Shutova &
Strygina 1969).

Overwintering larvae pupate in April, usually in soil under plant de-
bris (Kryachko et al. 1965). Adults emerge in May or June, and migrate
at night to new hemp fields. The moths are not strong fliers; Nagy
(1979) calculated flight speeds of 3.2-4.7 km hour21 in a wind chamber.
Upon finding a hemp field, females land quickly, usually within 3 m of
the field’s edge (Nagy 1979). After mating, females lay between
350-500 eggs, singly on stalks and undersides of leaves (Kryachko et al.
1965). Adults live less than two weeks (Nagy 1980). They are primarily
nocturnal (Sandru 1972; Nagy 1979). Eggs hatch in five to six days at
22-25°C, or three to four days at 26-28°C. Out of 350-500 eggs, Smith
and Haney (1973) estimated only 17 larvae survived to first instar.

Two generations of G. delineana occur in Hungary (Nagy 1979) and
the Ukraine (Kryachko et al. 1965). Further south, three generations
arise in Romania (Manolache et al. 1966), Illinois, USA (Smith &
Haney 1973), and Armenia (Shutova & Strygina 1969). In Armenia, the
three generations produced hatching peaks in early June, July, and Sep-
tember, and the September hatch was the largest (Shutova & Strygina
1969). In Romania, the three generations overlap, which resulted in the
presence of adults throughout the season (Sandru 1967). The egg, lar-
val, and pupal stages lasted 7-10, 22-29, and 10-21 days, respectively
(Sandru 1972). In Pakistan, four generations overlap per year
(Mushtaque et al. 1973).

GEOGRAPHIC RANGE AND TAXONOMY

During the early 1960s, the hemp borer suddenly emerged as a pest
across southeastern Europe, rather simultaneously. It was first detected in
1960, in the Ukraine (Kryachko et al. 1965) and in Russia (Danilevski &
Kuznetsov 1968). The hemp borer subsequently appeared in Romania by
1963 (Manolache et al. 1966), Hungary by 1964 (Nagy 1967), and
Bosnia-Herzegovina by 1967 (Bes 1967). After that it was reported in
Armenia (Shutova & Strygina 1969), Moldavia (Shutova & Strygina
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1969), Serbia and Montenegro (Lekic & Mihajlovic 1971), Bulgaria
(Gerginov 1974), Greece (Vassilaina-Alexopoulou & Mourikis 1976),
Slovakia (Bako & Nitri 1977), and Slovenia (Camprag et al. 1996).

To confuse researchers studying the emerging epidemic, the hemp
borer was called different names in different places. It was called G.
delineana in the Ukraine (Kryachko et al. 1965), Romania (Manolache
et al. 1966), and Bosnia (Bes 1967), whereas it was called Grapholita
sinana in Hungary (Nagy 1967) and Serbia (Lekic & Mihajlovic 1971).
The name G. delineana was originally coined by Francis Walker, a Brit-
ish entomologist, in 1863. The name G. sinana was authored by Rudolf
Felder, an Austrian entomologist, in 1874. In a careful comparison of
specimens, Danilevski and Kuznetsov (1968) decided that G. delineana
and G. sinana were identical, and therefore the name G. delineana had
taxonomic priority over the later name G. sinana. Danilevski and
Kuznetsov (1968) also placed G. mundana, G. terstrigana, and L.
quadristriana in synonymy under G. delineana. This nomenclature was
supported by Miller (1982):

Grapholita delineana Walker 1863 (Lepidoptera: Oleuthreutidae)
º Cydia delineana (Walker)
º Laspeyresia delineana (Walker)
= Grapholita sinana Felder & Rogenhofer 1874
= Cydia sinana (Felder) [Rogenhofer often omitted]
= Grapholita tristrigana Clemens 1865
= Grapholita mundana Christoph 1881
= Grapholita terstrigana Ragonot 1894
= Laspeyresia quadristriana Walsignham 1900

The genus name is commonly misspelled as Grapholitha (note the er-
roneous second “h”). Some workers refer the genus to the Tortricidae
instead of the Oleuthreutidae. Common names include the Hemp borer,
Hemp leaf roller, Hemp seed eater (in English), Kis kendermoly (in
Hungary), Moliei cinepii (in Romania), and Konopljin savijac (in Yu-
goslavia).

Prior to the sudden outbreak of G. delineana in European hemp
crops, the species was known in that region as a minor pest of hops
(Humulus lupulus L.) (Nagy 1967). Researchers assumed G. delineana
suddenly switched hosts, like the European corn borer, Ostrinia
nubilalis Hübner, had switched from hemp to maize (Nagy 1986).

However, my inspection of the original descriptions by Francis
Walker and Rudolf Felder revealed that the original specimens were
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collected in China, not in Europe (Walker 1863; Felder & Rogenhofer
1874). In fact, G. delineana is common in hemp-growing areas of Anhui
and Jiangxi Provinces (Tsao 1963; Wang & Rong 1992). G. delineana
also appears in Korea (Byun et. al. 1998), Japan (Walsignham 1900;
Issiki 1957), Pakistan (Mushtaque et al. 1973; Baloch et al. 1974, 1975),
the Uttar Pradesh of India (Sankaran & Ramachandran Nair 1973), and
Nepal (McPartland et al. 2000).

Given this information, the strain of G. delineana that became a pest
in southeastern Europe was probably imported from contaminated Chi-
nese hemp seed. It was probably imported in the 1950s, and emerged as
a problem by 1960. Indeed, the Hungarian government purchased sev-
eral thousand metric tons of hemp seed from China in the early 1950s
(Ivan Bócsa, personal communication); the Rudolph Fleischmann Ag-
ricultural Research Institute utilized this germplasm for heterosis breed-
ing of hemp (Bócsa 1954). Similarly, the Vavilov Institute in Russia
imported hemp seed from China in 1953 (Sergey Grigoryev, personal
communication). But according to Russian regulations, the Chinese
seed was sown in special quarantine areas to check for foreign pests and
diseases. No Chinese seed was imported in the 1950s or 1960s by the
Institute of Bast Crops, Ukraine (Paul Virovets, personal communica-
tion), nor by the Institute of Field and Vegetable Crops, Yugoslavia
(Janos Berenji, personal communication). Dr. Berenji, however, noted
that bird seed manufacturers imported tons of inexpensive Chinese
hemp seed into Yugoslavia and Hungary.

The source of the new Vermont infestation is unknown. The situation
in North America, like that in Europe, has been confused by researchers
using different names. The borer was misidentified as Grapholita
tristrigana (Clemens) by Hartowicz et al. (1971) in Kansas, and by
Smith and Haney (1973) in Illinois. Dempsey (1975) called the pest
Grapholita interstictana. The confusion was cleared by Miller (1982)
who closely examined other researchers’ specimens, and established
their correct identity as G. delineana. Miller found museum specimens
dating back to 1943 (in Kentucky and Wisconsin), and specimens col-
lected later in Iowa, Illinois, Minnesota, Missouri, and New York
(Miller 1982). Thus, G. delineana was introduced into the USA by
1943, possibly from contaminated bird seed or from seedstock imported
for hemp cultivation during World War II. It may have been introduced
into Kentucky as far back as the late 1800s. At that time, American mis-
sionaries stationed in China regularly sent hemp seed to Kentucky
(Dewey 1902).
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In Eurasia, the northern limit of G. delineana is reportedly 49°N, in
Cherkassy, Ukraine (Kryachko et al. 1965), and the southern limit is
26°N in Pokhara, Nepal (McPartland et al. 2000). North American
specimens have been collected as far north as 45°N, from Stearns Co.,
Minnesota (Miller 1982), and Chittenden Co., Vermont, and the south-
ern limit is 38°N in Lexington, Kentucky (Miller 1982).

HOST RANGE

There appear to be two strains of G. delineana, exhibiting different
host-plant preferences. One is an indigenous hop-feeding strain that may
have been present in Europe prior to 1960. Scattered populations of this
strain continue to be found on hops in Hungary (Nagy 1979). The second
strain of G. delineana prefers feeding on hemp. It apparently originated in
Asia and moved into southeast Europe by 1960. In Pakistan, Baloch et al.
(1975) described the Pakistani strain of G. delineana as “Canna-
bis-host-specific.” Baloch and colleagues conducted a single-choice
feeding experiment, and G. delineana larvae fed voraciously on Cannabis
species, whereas they only “slightly nibbled hops leaves,” and no or very
little oviposition was observed on hops plants. Baloch and colleagues did
not describe the Cannabis species they tested, but they probably used a
drug strain of Cannabis. The drug strain may be a different host species
than hemp; drug plants from Pakistan have been called Cannabis indica
and Cannabis afghanica (McPartland et al. 2000).

DIFFERENTIAL DIAGNOSIS

The stalk galls caused by G. delineana can be confused with galls
caused by O. nubilalis, another common hemp pest. Nagy (1967) claimed
G. delineana damage often arises in the top 1/3 of plants, whereas O.
nubilalis usually forms galls in the lower 3/4ths of plants (Nagy 1959).
But in Canada, over half of O. nubilalis-damaged plants were attacked
above mid-height (Ernest Small, personal communication). Generally,
O. nubilalis larvae drill longer tunnels than G. delineana larvae, but this
trait may be variable. Symptoms are not sufficient to differentiate these
pests, the insects themselves must be identified.

Other boring insects that cause similar stalk damage include larvae of
the hemp weevil (Rhinoncus pericarpius L.), cabbage curculio (Ceutor-
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hynchus rapae Gyllenhal), tumbling flower beetles (Mordellistena micans
Germar, Mordellistena parvula Gyllenhal), and even the nettle midge
(Melanogromyza urticivora Spencer). Late-season hemp borers that in-
fest buds and eat seeds may be confused with budworms, such as the
cotton bollworm (Helicoverpa armigera Hübner), the bollworm
(Helicoverpa zea Boddie), and the flax noctuid (Heliothis viriplaca
Hufanagel).

ECONOMIC IMPACT

Larvae boring into stalks cause the rupture of fibers, damaging up to
100% of stalks in Romania (Manolache et al. 1966). Larvae feeding on
terminal shoots cause excessive branching, resulting in short and infe-
rior fibers (Manolache et al. 1966). Boring damage causes the plant to
produce more “oakum” (Nagy 1967), interpreted as twisted fibers im-
pregnated with extra lignin. Kryachko et al. (1965) described G.
delineana destroying 80% of flowering tops in the Ukraine. Unpro-
tected hemp in Yugoslavia suffered 41% seed losses (Bes 1978);
17-30% seed losses in Romania (Manolache et al. 1966), and up to 25%
seed losses in Illinois, USA (Smith & Haney 1973). Each larva con-
sumes an average of 16 Cannabis seeds (Smith & Haney 1973).
Anti-marijuana biocontrol researchers considered the hemp borer “an
excellent weapon” (Hartowicz et al. 1971; Mushtaque et al. 1973;
Baloch et al. 1974; Scheibelreiter 1976). Forty larvae can kill a seedling
that is 15-25 cm tall in ten days, and ten larvae per plant cripple growth
and seed production (Baloch et al. 1974).

QUARANTINE ZONES

The present geographic distribution of G. delineana is nearly
palaeartic, including eastern Europe, temperate Asia, and the eastern and
central USA. G. delineana has not been reported from hemp-growing ar-
eas in western Europe, such as Italy, Germany, France, Spain, the Nether-
lands, and the United Kingdom. Nor has it been reported from Canada.
The pest has not been reported from hemp-growing regions in the south-
ern Hemisphere (South America, Africa, Australia, or New Zealand).

The primary means of long-distance movement is via contaminated
seed. Other hemp commodities (processed hemp fiber or retted hemp
stalks) are not a major phytosanitary risk. Unretted stalks, however, are
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a hazard, because full-grown larvae survive in harvested but unpro-
cessed stalks. Within China, a few regions are free of G. delineana, and
these regions placed quarantine restrictions on hemp seed originating
from infested regions (Tsao 1963).

Local dispersal may occur by trucking contaminated hemp stalks
off-site, to retting ponds. Nagy (1979), however, suggested that moth
flight was the primary source of local dispersal (“more important than
translocation of the infestation in the course of transporting harvested
material”). Nagy noted the moths are not strong fliers, and he estimated
they rarely disperse more than 20 km.

CONTROL METHODS

Mechanical and Cultural Control

Hemp-growing regions free of G. delineana should exercise strict
quarantine precautions, especially regarding seed imported from en-
demic areas (see “seed treatment” in the section on chemical control).
Nagy (1979) described an “edge effect” in fields infested by G.
delineana. Weakly-flying female moths land quickly after encountering
a hemp field. Therefore, most egg-laying occurs in the first 3 m around
the edge of a hemp field. In severe infestations, the edge zone should be
cut down and buried or burned.

Early harvest of hemp may decrease the population of overwintering
pests, because this would destroy a high percentage of the larval popula-
tion (Nagy 1979). Manolache et al. (1966) reported good post-harvest
control by destroying all hemp crop debris, and deep plowing of hemp
fields in the autumn. Sandru (1972) emphasized that plowing buries the
overwintering larvae and pupae too deep for the pests to emerge from
the soil. Camprag et al. (1996) noted that that monocultured Cannabis
attracts G. delineana, so the crop should be rotated. Consider destroying
infested stands of feral hemp and hops.

Plants should be selected for resistance to G. delineana, just as
Grigoryev (1998) selected hemp plants for resistance to O. nubilalis.
Vermont hemp suffers less G. delineana damage than hemp I have ex-
amined in Illinois, Wisconsin, and Missouri. This variation may be due
to genetic differences in the pest, or genetic differences in the plants. The
ancestors of feral hemp in the Midwestern USA were varieties bred by
Lyster Dewey, such as “Kymington,” “Chington,” and “Ferramington,”
and they all shared Chinese parentage (Dewey 1928). Chinese land-
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races are susceptible to G. delineana (Tsao 1963, Wang and Rong
1992), and G. delineana-susceptible hemp in southeastern Europe con-
tained Chinese germplasm (Bócsa 1954). Vermont feral hemp, in con-
trast, may predate Dewey and his breeding efforts. Morphological
evidence, combined with historical records, suggests the Vermont
germplasm was introduced in the 1830s, has no Chinese heritage, and
may represent a western European landrace called “Smyrna” hemp
(Dewey 1902). Interestingly, feral hemp in Vermont is shorter in stature
than Midwestern hemp; in the Midwest, Smith and Haney (1973) rarely
found larvae attacking plants less than 30 cm tall.

Nocturnal light traps can be used to catch adults, and this is useful for
scouting. Nagy (1980) used female sex hormones to attract and trap male
moths, preventing reproduction. Nagy noted that female sex hormones of
G. delineana also attracted males of Grapholita compositella F.

Biological Control

G. delineana has many insect enemies. These parasites provide natu-
ral population control of G. delineana, and they may have brought a nat-
ural end to the epidemic in southeastern Europe. Scambus species
parasitized 30% of hemp borers in Hungary (Scheibelreiter 1976). In
Romania, larvae were heavily parasitized by Eubadizon extensor (L.)
and Ephedrus plagiator (Nees) (Sandru 1967). Goniozus species para-
sitized G. delineana larvae in Pakistan (Mushtaque et al. 1973). In Illi-
nois, Smith and Haney (1973) found 75% of larvae were parasitized by
either Lixophaga variablis (Coquillett), a tachinid fly, or Macrocentrus
delicatus Cresson, a braconid wasp. None of these native species has
been commercially developed for biological control. Trichogramma
and Macrocentrus species are commercially available.

Trichogramma Species

At least 20 Trichogramma species have been mass-reared for com-
mercial biological control. They efficiently parasitize and kill G.
delineana eggs, before the pests can damage crops (Figure 5). Camprag
et al. (1996) used a Trichogramma species to control the first generation
of G. delineana with “51-68% efficiency.” They released 75,000-
100,000 wasps per ha, and repeated the release one week later. They did
not report which Trichogramma species they used. Peteanu (1980) used
Trichogramma evanescens Westwood against G. delineana, released at
rates of 80,000, 100,000, or 120,000 wasps per ha, four times per season
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(presumably two releases against the first generation and two against
the second generation). T. evanescens worked best at the highest release
rate, and worked better against second generation larvae than first gen-
eration larvae. Peteanu combined T. evanescens with Bt and pesticides,
with good results. Smith (1996) controlled a related Grapholita pest, G.
molesta (Busck), with Trichogramma dendrolimi Matsumura, released
at a rate of 600,000 wasps per ha, repeated every five days while moths
were laying eggs.

Trichogramma adults are tiny wasps, 0.3-1.0 mm long, with a black
thorax, yellow abdomen, red eyes, and short antennae. Females lay eggs
in up to 200 pest eggs, which turn black when parasitized. Larvae pu-
pate within pest eggs and emerge as adults in eight days, adults live an-
other ten days. Trichogramma species are supplied as pupae within
parasitized eggs, attached to cards made of cardboard, paper, bamboo,
or within gelatine capsules. Trichogramma pupae can be manually dis-
tributed by hanging cards from plants in warm, humid places out of di-
rect sunlight. This approach takes about 30 minutes per ha (Smith
1996). For a large-scale approach, attach Trichogramma pupae to carri-
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FIGURE 5. Life cycle of Trichogramma species. A. Female wasp laying egg
within egg of G. delineana. B. View of wasp egg within borer egg. C. Wasp
larva feeding within borer egg. D. Pupal stage of wasp. E. Adult wasp emerging
from dead egg. F. Adult male with open wings. G. Adult female with closed
wings (McPartland redrawn from Davidson and Peairs 1966).



ers such as bran, and broadcast them from tractors or airplanes. Pupae
and carriers can be coated with a sticky gel so they adhere to plant sur-
faces. Trichogramma species are compatible with Bt and NPV. Avoid
insecticides while utilizing the wasps.

Macrocentrus Species

Macrocentrus delicatus Cresson heavily parasitized G. delineana in
Illinois, USA (Smith & Haney 1973). A related braconid, Macrocentrus
ancylivorus Rohwer, has been mass-reared for field use against
fruitworms, leafrollers, and stalk borers. The parasitoid is native to New
Jersey, and has become established in an area ranging from Massachu-
setts to Georgia, west to the Mississippi River. In orchards, Grapholita
molesta is controlled by releasing three to six M. ancylivorous females
per tree (Mahr 1998).

Adults are slender wasps, 3-5 mm long, amber-yellow to reddish
brown in colour, with antennae and ovipositors longer than their bodies.
Female wasps are nocturnal, most active at 18-27°C and > 40% RH, and
lay up to 50 eggs, one egg per borer (Mahr 1998). The wasps go after
borers already within branches (second and third instars preferred). M.
ancylivorus larvae initially feed within caterpillars, then emerge to feed
externally, and pupate in silken cocoons next to the body of their hosts.
One generation arises per generation of the host. They overwinter as lar-
vae in hibernating hosts.

Chemical Control

Nagy (1979) described an “edge effect” in fields infested by G.
delineana. Spray this 3 m edge zone with pesticides as moths arrive.
Spraying pesticides only works before hemp borers burrow into stalks.
Once inside stalks, no surface sprays will affect borers.

Bako and Nitre (1977) successfully controlled young hemp borer lar-
vae with aerial applications of Bacillus thuringiensi δ-endotoxin (Bt).
Bt is a natural product; some workers consider it a form of biological
control. The Nuclear polyhedrosis virus (NPV) is another hybrid of bio-
logical and chemical control. Most strains of NPV kill larvae of
nocturids (e.g., budworms and cutworms), but there is a NPV strain that
kills the codling moth, Cydia pomonella (L.), a pest related to G.
delineana; it might also work on hemp borers. Many botanical-based
chemicals work against hemp borers–neem, nicotine, rotenone, and
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ryania. Peteanu (1980) killed borers with sumithrin, a synthetic
pyrethroid. The synthetic juvenoid fenoxycarb may work, it kills eggs
of the related pest Grapholita funebrana (Godfrey 1995).

Sandru (1973a) tested the effectiveness of 12 insecticide sprays
against G. delineana, and reported best results with malathion,
chlorthiophos, and two formulations of fenitrothion. Manolache et al.
(1966) previously reported success with malathion, as well as
methyl-parathion, and DDT. Bes (1976) reported best control of
first-instar larvae with fenthion, diazinon, phosalone, and dichlorvos;
carbaryl and bromophos were less satisfactory, and dimethoate and
thiometon were ineffective. Shutova and Strygina (1969) controlled lar-
vae with sprays of sevin and methyl-parathion. Sandru (1973b) con-
trolled overwintering larvae by mixing diazinon granules (5% or 10%)
with seeds at the time of sowing. Effectiveness of this treatment de-
pended on a good rainfall to activate the granules.

Seed infested by G. delineana larvae has been fumigated with methyl
bromide (Tsao 1963), using 55 oz. per 1000 cu. ft, for 18 hours, at
9-10°C. Kryachko et al. (1965) used the same dose and same tempera-
ture, but required 24 hours to kill all larvae; they reported the moisture
content of the seed was 11-12% (fumigation of seed with higher mois-
ture content resulted in reduced germination). Kryachko et al. (1965)
also report complete kill of larvae in cocoons with methallyl chloride at
100-150 oz. per 1000 cu. ft for 24 hours at 6-15°C. Tsao (1963) sug-
gested storing seed for one year before dispatch would reduce seed in-
festation.
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ABSTRACT. Hemp (Cannabis sativa L.) and nettle (Urtica dioica L.) are

both attractive candidates for high fibre yields with little or no biocide re-

quirement. Separation of fibre fine enough for quality yarns to make hemp

fabric or blends has been achieved in Western Europe in the last decades

only on a laboratory scale because process costs are high. In Hungary, Ro-

mania, the Ukraine and Poland a hemp processing industry has continued

retting mainly by water processes. Search for a commercially and environ-

mentally viable method led us also to explore enzymatic separation, which

was initiated by various researchers in the late 1960s and 1970s. This in-

volves the use of various enzymes that dissolve pectin and hemicellulose

between the cell walls thus freeing the fibre bundles and fibres. We

tested various commercial and non commercial products (Röhm Enzyme

GmbH and Novozymes AS/Bayer AG) and methods and then measured
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our results against samples of fibre separated by other methods using a

Stelometer to determine tensile strength of fibre bundle collectives and

OFDA (Optical Fiber Diameter Analyzer) to analyze fibre bundle width.

Our results showed enzymatic separation capable of producing compara-

bly fine and strong fibre suitable for quality textiles. These studies open

the way for sustainable and local production of high value fibre with low

impact on the environment. [Article copies available for a fee from The
Haworth Document Delivery Service: 1-800-HAWORTH. E-mail address:
<getinfo@haworthpressinc.com> Website: <http://www.HaworthPress. com> ©
2002 by The Haworth Press, Inc. All rights reserved.]

KEYWORDS. Hemp, nettle, fibre separation, enzymatic degumming,

hemp yarn and fabric, nettle yarn and fabric, Cannabis, Urtica

INTRODUCTION

Growing well in central Europe with low input of biocides, hemp
(Cannabis sativa L.) and stinging nettle (Urtica dioica L. convar. fibra)
are promising candidates for non-food market production. Although
both plants do produce fine and strong fibre, commercial extraction of
fibre fine enough for high quality yarns has only been achieved com-
mercially with hemp by chemical separation in People’s Republic of
China, India and some other countries. Other possibilities for refining
coarse fibre bundles are the steam explosion process (Kessler et al.,
1994) and the ultrasonic technique (von Drach et al., 1999) both unfor-
tunately not yet industrially viable. For mechanical fibre extraction ade-
quate facilities exist in Europe, many of them new. But the retted hemp
and nettle fibre has, so far, not been fine enough to be spun into quality
yarns. We began to explore enzymatic separation in 1998 as an alterna-
tive to physical or chemical separation for producing fine fibre.

The qualities of hemp fibre as related to cultivation, harvest and
post-harvest treatment and fibre processing have been intensively dis-
cussed over the last years (Van der Werf et al., 1995; LWK-WE IPP,
1997; Martens et al., 1997; Gusovius, 2000). Good quality hemp has
high commercial value for paper (Brunet, 2000) and for some fabrics.
The fibre quality of nettle has just begun to be investigated (Kohler and
Wedler, 1996; Lützkendorf et al., 2000; Dreyer et al., 2001).

Briefly field-retted, mechanically separated bast fibre from hemp
and nettle is often sufficient for technical applications (Hanselka, 1998;
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Gassan et al., 1998; Lützkendorf et al., 2000; Müssig, 2001). To get re-
ally fine, clean and strong fibre for textile use, there must be further
treatment through physical or chemical fibre processing and finishing.
Another means of extracting textile fibre is enzymatic retting of the
stem or the enzymatic separation of coarse bast fibre bundles after me-
chanical processing. Basic work on this alternative method has been
done on flax in the last 30 years by Hurdequint et al. (1994) (Demande
de Brevet D’Invention No 8121646), Sharma (1986; 1987); Sharma and
Van Sumere (1992); Petrova et al. (2001) (DE 4012351 A1), Brühlmann
et al. (1994), Henriksson et al. (1997), Akin et al. (1997; 1999) and oth-
ers. There is much activity in Eastern Europe today in the areas of ret-
ting and biotechnology, i.e., the Bast Fibrous Plants Today and
Tomorrow, Breeding, Molecular Biology and Biotechnology Beyond
21st Century Conference held on 28-30 September, 1998 in St. Peters-
burg. The Institute of Natural Fibres in Poland is working on enzymatic
treatment of short and waste bast fibres for their use in the production of
high quality textile products.

Enzymatic separation of bast fibre bundles has been researched but
up to now no commercial process has been developed (Dreyer et al.,
2000). In Switzerland, activities have begun for developing a new bio-
logically based separation technique for bast fibre bundles (Leupin,
1999). Today enzymes play a prominent role in the finishing of yarn,
fabric, and garments of cotton, silk and wool (Cavaco-Paulo, 1998).

EXPERIMENTAL PROCEDURE

Hemp and Nettle Cultivation

The botany and cultivation of hemp has been described in various pa-
pers (Van der Werf et al, 1995; NOVA-Institut, 1997; FNR e.V., 1997;
Bócsa and Karus, 1997; Bassetti et al., 1998; Höppner and Menge-
Hartmann, 1999) and need not be discussed here. The botany of sting-
ing nettle and nettle culture is a new topic presented in only a few papers
(Dreyer et al., 1996; Schmidtke et al., 1998; Scheer-Triebel and
Franken-Welz, 2000) and one book (Dreyer, 1999b) and is described
here briefly with reference to fibre production. Stinging nettle (Urtica
dioica L.) is a perennial, nitrophilous herb widely distributed through-
out the temperate regions of the world containing sclerenchymatic
fibres in the bark (Tobler-Wolff, 1951). In the 1940s, 100 tons of pure
fibre were extracted mechanically and chemically from stinging nettle
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grown on 150-200 ha of cultivated land. The nettle yarn was woven into
quality textiles (Bredemann, 1959) as an alternative fibre to ramie
(Boehmeria nivea [L]. Gaud.). The fibre of stinging nettle is remarkable
for its high tensile strength, fineness, excellent spinning quality, and the
fact that its cell walls are unlignified (Herzog, 1955; Bobeth, 1993).
Latest investigations on the technical characteristics of nettle fibre
show that it also has potential as reinforcement fibre in some applica-
tion areas for polymer matrix composites (Lützkendorf et al., 2000).
Advantages of nettle fibres are low specific weight, high strength and
good stress rating (elasticity module).

Studies in the biology and agronomy of some cultivars of Urtica
dioica L. began again in 1992 at the Institute of Applied Botany, Uni-
versity of Hamburg. Cultivation and research on Urtica dioica L. started
originally in 1927, initiated by Bredemann, and were a very important
activity at the Institute until 1950. After cross-breeding of the
phenotypically best wild plants with high fibre content, new varieties
called fibre nettle with a high fibre yield were cultivated. The most suit-
able nettle clones were cultivated in field experiments to gather facts on
productivity. The economic and ecological reasons for cultivation of
stinging nettle are: (1) perennial culture with low resource input (fer-
tilizer and pesticides), (2) production of new, high-quality agricul-
tural raw material, (3) high potential for cultivation on greenland areas,
(4) potential for improving soils over-fertilized with nitrates and phos-
phates, (5) extensive cultivation and utilization of a single planting is
possible for 10-15 years, and (6) promotion of population diversity in
local flora and fauna.

Different cultivars of fibre nettle (Urtica dioica L. convar. fibra ) have
been cultivated in field experiments northeast of Hamburg since 1993. The
loamy sand soil of our fields can be characterized as Parabraunerde
(Ah-Al-Bt-C) and the value of the soil is 35 Bodenpunkte. Fibre nettles
are cultivated in rows approximately 125 cm apart with a distance in the
row of approximately 60 cm. Between the rows, spontaneous vegetation
is allowed to grow and has to be mowed when higher than 20 cm. Vege-
tative propagation is done with cuttings. Plants are now available on a
large scale thanks to commercial greenhouse propagation (Greenhouse
Dr. J. Dreyer, E-MAIL: Jens_Dreyer@gmx.de). After four to eight
weeks preculture in the greenhouse, the seedlings are transplanted in the
field by machine. Fertilizer levels are low: 60-80 kg N/ha, 150-180 kg
K2O/ha and 40-50 kg P2O5/ha. Fertilizing with nitrogen, although nor-
mally done in spring, can be optimized by two half dosages, one in April
and another in June.
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For maximum production of fibre there is a need to use only plants
with high dry stem weight and a high to very high fibre content. The low
input agro-system for fibre nettles with clover rows between the nettles
leads to very high dry stem weight per plant. One important statistic on
using fibre nettle as a fibre crop for textile and technical purposes is the
fibre production per ha. The highest pure fibre yield (dew retted, then
chemically separated fibre with no impurities) has been 1,430 kg/ha.
The average fibre yield of the clones ranged from 812 kg/ha to 858
kg/ha. Amounts could be doubled by using mechanical fibre separation
because of inclusion of parenchymatic cells with the fibre.

MATERIAL

Hemp and Nettle Fibre

Hemp cultivar “Felina 34” was grown at the trial station of the
Weser-Ems chamber of agriculture in Wehnen, near Oldenburg, in
northern Germany in 1996. The experimental plants were the subject of
4 random repetitions. The test plots were 3 x 6 m wide, the seeding time
was the last week in April. The seeds were planted 200 /m2 and fertil-
ized with 100 kg/ha of nitrogen. After experimentation with different
harvesting methods, the material for this study was harvested by rotary
disk mower (designated as ”c") on 17-18 Sept., 1996. The material was
field-retted for four different time periods. Two out of the four batches
were used in this study–very briefly retted (designated as “2”) and ret-
ted for three weeks until 50% of stem had darkened (designated as “4”).
Samples described here were taken September 23 (sample 2 unretted
hemp) and October 14 (sample 4 retted hemp). In parallel with the use
of the scoring system (1-5), near-infrared spectroscopy (NIRS) was
used to analytically measure the degree of retting. This technique has al-
ready delivered identifiable and reproducible results in the determina-
tion of the degree of retting of flax stalks (Quint 1996). Here a so-called
“retting sensor” was established that primarily registers the blackening
of the flax stalk by the spread of mycelium fungus (Müssig et al., 1998).
The stems were dried in swath, baled and stored. The fibre bundles were
separated mechanically with a Bahmer-Flaksy laboratory unit. After six
passages through this unit the hurdless fibre bundles were refined with a
coarse separator (designated as “CS”). We developed and used our own
laboratory coarse separator. Our results with separation in the lab are
comparable to industrial separation techniques (Müssig, 2001).
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Fibre nettle cultivar ‘Clone 13’ was grown in the University of Ham-
burg experimental fields (Dreyer et al., 1996). Harvesting was done on
5 Sept. 1996 using a cutter bar (Dreyer, 1999a). The nettle was field-ret-
ted in the same fashion as described above for hemp (designated as “2
HH” and “4 HH”). The stems were then dried in swath, baled and
stored. The fibre was separated mechanically with a Bahmer-Flaksy
laboratory unit. After six passages through this unit, a laboratory coarse
separator was used.

Enzyme Procedure

The mechanically processed hemp and nettle bast fibre just described

was then upgraded to textile quality in the laboratory by degumming with

enzymes. Various formulations and procedures were tested resulting in

the choice of MPG (macerising polygalacturonase, 1,220,000 PGU/mg

[PGU is measured by viscosimeter degradation of a pectin solution at

30 C and pH 3.9] ) and PE (pectinmethylesterase, 135,780 PE/g [1 PE/g

is the active turnover of 1�val acid per minute under condition 30 C, pH

4.5 and 0.55% substrat concentration]) formulations from Röhm Enzyme

GmbH and BioPrep3000L® (Etters et al., 1999, Krebs Lange et al., 2000)

from Novozymes AS (Bayer: BAYLASE EVO).
The preparations tested consist primarily of pectinolytic and hemi-

cellulolytic enzymes that work by dissolving pectin and hemicellulose

from the cell walls thus freeing the fibre. Enzymes are produced through

the submerged fermentation of genetically engineered Bacillus microor-

ganisms and the culture of Aspergillus niger. Different classes of en-

zymes with varied capacity for pectin degradation were tested including:

polygalacturonase (EC 3.2.1.15), pectinmethylesterase (EC 3.1.1.11),

and pectinlyase (EC 4.2.2.10).
The culture filtrates with stabilized and concentrated enzymes were

dissolved in an unbuffered water solution of pH value 4.0 for pectinases

PE and PGU and pH 8.0 for BioPrep3000L®. Ten gram of fibre was

treated in a beaker containing 300 ml of enzyme solution (30 to 1 liquor

to fibre ratio for optimum test conditions). The samples were mechani-

cally agitated for 0.5 to 2 hours at about 40 C for pectinases PE and

PGU and 60 C for BioPrep3000L®. They were then neutralized and

rinsed for 2 minutes in cold water.
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Test Procedures

The resulting hemp and nettle fibres were tested for strength by
Stelometer and for fineness by OFDA, an Optical Fiber Fineness Ana-
lyzer. For comparison the hemp and nettle raw fibre was chemically sep-

arated by using a 0.4% sodium carbonate solution for 1 hour at 100 C and
tested. We also separated hemp by steam explosion at the IAF in
Reutlingen for comparison and tested this fibre. We used the Stelometer
and OFDA to test several other commercially produced fibres, also for
comparison. A brief description of the two testing methods follows. A
Stelometer or Strength Elongation Meter is used to test fibre bundle col-
lectives as in Figure 1. Samples were clamped in a Pressley clamp with
plexiglas jaws with a free clamping length of 3.2 mm. The device was ad-
justed to ASTM D 1445. It could be argued that greater accuracy might
be obtained by measuring individual fibre bundles. In these tests, how-
ever, the large number of measurements taken (> 200) insured a level of
accuracy gained in a fraction of the time that would be required to achieve
similar results by measuring individual strands. OFDA or the Optical Fi-
ber Fineness Analyzer was developed for measuring the diameter of wool
fibre. This apparatus efficiently measures width distribution of bast fibre
bundles. Results have been found to correlate well with those of other
methods. Because of the large number of measurements taken the results
can be well reproduced (Drieling et al., 1999).

Materials Tested

As well as the hemp and nettle samples that were treated with en-
zymes in the laboratory, we also tested the following materials by
Stelometer and OFDA:
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Hemp fibre bundle collective;

aligned collective consisting of a small
number of hemp fibre bundles that are
gathered together and clamped in the
measuring device

FIGURE 1. Hemp fibre bundle collective [adapted from the Herzog, 1926]



Soda 2c/4c or soda 2HH/4HH = alkaline separated hemp (2c/4c)
and nettle (2HH/4HH). For purpose of comparison, the same
fibres as separated by enzymes were also treated chemically in a
0.4% sodium carbonate solution (1 h at 100 C).

SE = steam explosion hemp 2c/SE and 4c/SE. The same fibres as
above were separated by the steam explosion process under devel-
opment at the Institute for Applied Research (IAF) in Reutlingen,
Germany for use on flax and hemp. The material is coarsely sepa-
rated by machine, impregnated with a solvent, and then exposed to
saturated steam in an autoclave (Müssig et al., 1998).

HNF A Hemp: chemically separated short hemp fibres from the
HNF Company, China

HTEX Hemp: chemically separated short hemp fibres from the
Hemptex Company, China

NTEX Hemp: chemically separated short hemp fibres from the
Naturetex Company, China

FLASIN flax: chemically separated flax fibres from the Flasin
Company, Germany.

RESULTS AND DISCUSSION

The first table (Table 1) and figure (Figure 2) show the test results on
comparison samples (steam explosion and Chinese hemp and Flasin fibre).

As shown in column five of Table 1 a very large number of fibre bun-
dles were measured ranging from 59,516 up to 89,031 bundles. Thus a
very good confidence level of < 0.3% was attained. The mean fibre di-

ameter value ranged from 19.1 �m to 15.3 �m. This shows a high fine-
ness variation in the different samples. Fineness of the three Chinese
varieties was shown to be much the same, ranging from 16.3 to 17.4.
Fineness of fibre bundles was greatly improved by steam explosion and

the rating of 18.1 and 19.1 �m is much the same for both differently ret-
ted types. Retting of hemp by using steam explosion afterwards had no
significant advantage with respect to fineness. The Flasin flax fibre was

definitely the finest variant amounting to about 15 �m.
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The strength of tested fibre bundle collectives from hemp and Flasin
shown in Figure 2 ranged from an average of 33 cN/tex to 20 cN/tex. A
large strength variation in the different samples was apparent. The fibre
bundles treated by steam explosion were the strongest fibre. Strength of
both samples was about 32 cN/tex with no significant difference be-
tween them. Although slightly coarser than the Chinese hemp samples,
they were much stronger than this slight difference would make. Appar-
ently the steam explosion process is responsible for a marked retention
of fibre strength. The comparison also showed the finest fibre, Flasin, to
be the weakest.
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TABLE 1. OFDA results for comparison samples

Mean value
in µm

Median
in µm

Part < 30 µm
in %

Part > 100 µm
in %

Number of measured
fibre bundles

2c/SE 18.1 15.2 91.9 0.2 59,516

4c/SE 19.1 15.2 89.8 0.5 63,471

HNF_A 17.4 14.5 92.2 0.1 72,279

HTEX 16.3 13.9 94.4 0.0 75,900

NTEX 17.0 14.4 93.1 0.1 77,648

FLASIN 15.3 13.2 96.9 0.2 89,031
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FIGURE 2. Stelometer results for the comparison samples



The next figures (Figure 3-Figure 7) are concerned with fineness dis-
tribution and strength data on the target hemp samples that were treated
enzymatically.

Figure 4 shows that 4c soda hemp was finer than 2c soda hemp with

an average width of 16.8 �m, similar to the Chinese samples in fineness

(16.3–17.4 �m, Table 1). This seems to indicate that well retted fibre
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like 4c hemp is upgraded by the alkaline process. The strengths of the 2c
and 4c soda samples were about 33-37 cN/tex (Figure 5) with no signifi-
cant difference to 2c and 4c steam explosion process (Figure 2, 2c/SE
4c/SE). Figure 4 also shows that enzyme MPG and MPG + PE at pH 4

produced quite fine fibre (13.1-14.1 �m), comparable to Flasin flax fi-
bre (Table 1) but much weaker amounting only to 8–11 cN/tex (Figure
5). Enzyme treatment with BioPrep 3000L® maintained fibre strength
of 33 cN/tex (Figure 5) compared with strength of raw material (51.6

cN/tex and 42 �m fibre width) and produced fine fibre amounting to

20.6 �m (Figure 4). These fibres were comparable in strength to steam
explosion hemp (Figure 2, 2c/SE and 4c/SE hemp) and soda 2c/4c hemp
(Figure 5). These fibres were also comparable in fineness to steam ex-

plosion hemp 4c (Table 1, 4c/SE 19.1 �m), the Chinese HTEX hemp
sample and Flasin flax fibre. Enzyme MPG and MPG + PE at pH 4
weakened the fibre of both 2c and 4c compared with the alkaline chemi-
cal and enzymatic treatment up to one-fourth (Figure 5).

Enzyme BioPrep3000L® treatment resulted in quite fine fibre, com-
parable to the 2c soda, and was also a strong fibre in all of the above
Stelometer tests. Correct enzyme mixture formulation with low
cellolytical activity seems to be very beneficial in maintaining fibre
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strength. Further investigation should be done on getting better fineness
by the same or lower concentration level with varied duration, tempera-
ture, and additives.

Figures 6 and 7 show OFDA and stelometer results on enzymatically
and chemically separated nettle fibre.
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For the three tested treatments, nettle fibre fineness was nearly the

same amounting to 17 �m (Figure 6). Fibre fineness between 2 HH
and 4 HH soda process was identical probably due to sufficient retting
of 2 HH in the field. This indicates that a shorter retting period is
needed for nettle than for hemp. Fineness of all three treated nettle fibres
was the same as Chinese hemp samples HNF_A, HTEX and NTEX and
finer than steam explosion 2c/SE or 4c/SE (Table 1). Alkaline and en-
zyme treatment of nettle fibre resulted in the same values for fineness, but
there were some differences in strength (Figure 7). Briefly retted nettle
amounted to 37 cN/tex (soda 2 HH) and was a little stronger (4 cN/tex)
than more extensively retted nettle. The strength of the enzymatically
separated nettle fibre treated with BioPrep3000L® was about 23.5
cN/tex. Although there was a difference of about 10 cN/tex in strength
between soda and BioPrep3000L® treated nettle fibre, its fineness indi-
cates that nettle treated with enzymes potentially has values comparable
to the alkaline treated variety. The strength of enzymatically separated
nettle fibre was little higher than the Chinese HTEX hemp sample and
Flasin flax fibre. Further investigation must be done on getting better
strength by enzyme treatment of nettle.
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Comparing the strength of enzymatically separated flax fibre bundles
with Flaxzyme (Fig. 8, Akin et al., 1999) and enzymatically separated
hemp and nettle fibre with BioPrep3000L®, we found much higher
strength ratings in our trials for both plants. The micronaire for flax fi-
bre of between 4.3 and 8.0 did not explain the loss in strength (Akin et
al., 1999). Some reasons for these differences could be variations in
raw material, enzyme formulation, and conditions.

CONCLUSION

The investigation of enzymatic separation of coarse hemp and nettle
fibre has shown that this process has good potential for producing fine
strong hemp and nettle textile fibre. Hemp variant BioPrep3000L®

/BAYLASE EVO is the best enzymatically treated variety. It is compa-
rable to alkaline separated fibre. These results have now been verified
by commercial trials.

There are clear environmental advantages for the enzymatic tech-
nique. No special apparatus, other than normal galvanized steel tubs,
are required. The relatively low water temperature that appears from
our studies to be best could be generated with low environmental im-
pact. Unlike the alkaline treatments, the waste water from enzymatic
retting is biodegradable and poses no particular disposal problems. Be-
cause of organic matter in waste water there must be efficient waste wa-
ter treatment. Further investigations in this area are ongoing.

And because the process is relatively low-tech as far as equipment it
could be done locally, close to the fields where the fibre plants are
grown, thus reducing transportation and fossil fuel use. Future devel-
opments along these lines might include research into retting with spe-
cific microorganisms and optimizing enzyme formulations with
auxillaries.
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Reinforced Biocomposites
from Flax and Hemp

Bodil Engberg Pallesen

Tom Løgstrup Andersen

ABSTRACT. Defibrated flax and hemp fibres form new compatible

composites substituting cabinets, car-inner panels etc. The aim is to pro-

duce composites from Danish flax and hemp that are competitive to

composites reinforced with fibres such as polypropylene, glass fibre, and

metals. The plant fibre composites can be used in many applications with

different purposes. The composites are based on a new process, where

flax or hemp are defibrated into shortened fibres and subsequently

formed into mats through a unique air-forming technique mixing the

plant fibre and polymers in a strong web. The mats are then moulded in a

hot-press for products in all kinds of shapes. The process is based on

shortened fibres from flax and hemp. The stiffness of the composites and

tensile strength properties are equal in all directions, and their values are

higher than those of pure plastic composites. In the new Danish compos-

ites the tensile strength seems lower than in typical composites from flax

and hemp, where mats are derived from carding followed by needle

punching. The main advantage is the price as the composites based on
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mats from the shortened flax or hemp fibres can be produced much

cheaper than carded mats from long fibres. [Article copies available for a fee
from The Haworth Document Delivery Service: 1-800-HAWORTH. E-mail ad-
dress: <getinfo@haworthpressinc.com> Website: <http://www.HaworthPress.
com> © 2002 by The Haworth Press, Inc. All rights reserved.]

KEYWORDS. Plant fibre, flax, hemp, mat forming, press consolidation,

thermoplastic composite, reinforced composite

INTRODUCTION

The National Department of Plant Production at the Danish Agricul-
tural Advisory Centre, has been working on development of new prod-
ucts from plant fibres, especially flax and hemp fibres. One of the
results is the development of new fibre mats from flax and hemp. The
concept is based on a completely new technology, i.e., forming mats in
all sizes and thicknesses from shortened fibres derived from flax and
hemp through a new air-forming technique.

The mats are suitable for a whole range of applications, first of all in
insulation products and composites. The thickness of the mats varies
from few millimetres to, e.g., 200 mm and various densities. Mats for
insulation purposes normally contain 95 to 98 percent plant fibre and
only 2 to 5 percent synthetic fibres, mainly polymers. The polymer is
used as a matrix. In thermoplastic composites the percent of fibres and
polymers varies according to the application-in some composites for
example up to 70 percent flax fibre is used. One of the main advantages
of the new fibre mats is the price, which is competitive to, e.g., mineral
wool and glass wool (Pallesen, 2000b).

The new composites can replace composites reinforced with plastic,
glass fibres, etc., Reinforced flax and hemp composites from carded
mats have already turned out to be well suited for the motor industry.
Many parts of car interiors and exteriors have already been replaced
with natural fibre composites such as flax and hemp. In Daimler-Chrys-
ler more than 20 prototype parts from flax and hemp are used in cars
(Schlosser, 2000).

The National Department of Plant Production has patented the
“Method for manufacturing a fibre mat, the fibre mat itself and the use
of such a fibre mat.” The air-forming technique used represents a new
generation of air-forming techniques, and is patented by Marianne E.
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Eriksen (www.MEconsulting.dk). The new air-forming system forms
natural fibres with a very high capacity compared to current air-forming
systems of the same size.

The National Department of Plant Production and Risoe National
Laboratory have in co-operation carried out trials with composites
made from press-consolidated mats of flax and hemp. The main target
was to find the potential in the fibre composites for different applica-
tions, depending on the fibre quality, the polymer, etc. The raw material
was Danish grown flax or hemp at different degrees of retting, har-
vested and collected in alternative ways.

The Materials Research Department, Risoe National Laboratory, has
worked with polymer composites for many years and has a simplified
model of the press consolidation technique. The quality of the moulded
composites has subsequently been tested at Risoe National Laboratory.

The new fibre mats are commercialised through the company Danish
Natural Insulation Inc. (Figure 1). Situated in the southern part of
Denmark in Sakskobing the production plant initiated production of
mats for insulation in April 2001. The plant capacity will as a start be
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FIGURE 1. The new production line of Danish Natural Insulation Inc.



600 kg per hour, increasing to 1200 kg per hour depending on market
demands. The new approach making composites, for example, for the
motor industry will hopefully soon become a reality.

The Danish Agricultural Advisory Centre acts as advisor to the new
company offering know how. The production is based on a license pro-
duction.

The objective of this investigation is to find out how we can make
composites, without adding chemicals, which are cheap to manufac-
ture, and where the strength is of secondary importance. We have been
interested in investigating which plastic types–polymers–give the best
properties, still being suitable for the new mat forming process. Further-
more we have studied the influence of the degree of retting on the mate-
rial properties of the composite.

METHODS

Raw Material

The quality of the raw material plays a major role in the final applica-
tion. With the new technique plant fibre composites from un-retted flax
and hemp fibres will result in a badly defibrated fibre material contain-
ing a large amount of shives-wood core-in the final product. This will,
in general, cause a poor quality with reduced strength properties.

Well-retted flax and hemp fibres will, on the other hand, result in a
fine quality and a lower content of shives. With the applied technology
it is difficult to achieve composites which are almost 100 percent free of
shives.

Hemp

Hemp can be grown in Denmark, but in general the climate is too
cool compared to, e.g., Germany and France. Hemp with low content of
THC was first legalized in 1998 in Denmark. At Koldkaergaard, Re-
search Farm under the National Department of Plant Production, we
have carried out demonstrations of different harvest techniques. The
best results have been achieved with hemp cut and laid on swath at the
end of August and cut twice in two layers with a MacDon. After a ret-
ting period of 2-3 weeks the straw will have changed color from green
to dark grey and the fibres will have turned light grey. The straw is
pressed into bales when the moisture content of the straw is 15-16 per-
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cent. The yield of the stem varies. At Koldkaergaard Research Farm,
8-10 tons per ha of well retted stem were harvested. The fibre
percentage was 25-30 (Pallesen, 2000b).

Flax

Harvesting flax for fibre production is also fairly complicated in
Denmark, also due to the unstable climate. The idea has been to grow fi-
bre flax for both seed and fibre production. One way is to cut the crop,
lay in swaths and combine-harvest after 1-3 weeks. In Denmark, har-
vesting time for fibre flax is August, approximately 1 month earlier than
combining linseed. The straw is cut app. 8-10 cm above ground level.
The swathing process is carried out when the leaves on the lower two
thirds of the stems have fallen off and the stems have turned yellow. At
Koldkaergaard Research Farm, The National Department of Plant Pro-
duction, we have achieved an average of 1600 kg seed per hectare over
3 years (9% moisture) (Pallesen, 1998).

After combining the seeds, the flax straw is dew-retted on the field
until the colour has changed from yellow to light grey–normally after
two weeks of retting. After combining, the straw is spread in all direc-
tions, and will not be suitable for a traditional scutching process. The
retted straw is pressed into bales and is ready for processing.

Wet summers can cause many problems with respect to cutting the
straw and harvesting the stem with a combine harvester, due to the very
strong flax fibres. One alternative method used with success has been to
use a “stripping-combine harvester,” in order to avoid trouble with the
stem passing through the traditional combine harvester (Pallesen,
2000b).

Tested Raw Material

In order to evaluate the potential of the raw material for thermoplas-
tic composites, four different raw materials have been tested:

• Semi-retted flax 1997. This quality is very suitable for mat form-
ing resulting in very soft and fluffy mats. The color of the fibres is
light grey. Flax S.

• Almost unretted flax 1999 with a yellowish color. Flax U.
• Retted hemp 1998 with a grey color. Hemp S.
• Unretted hemp flax 1999 with a yellowish color. Hemp U.
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Defibration of Fibres

The National Department of Plant Production has developed an alter-
native method to process hemp and flax into short fibres at a size of ap-
proximately 15-25 mm, fibres mainly occurring as single fibre bundles. In
a short fibre process line at Koldkaergaard Research Farm the stem is
decorticated into single fibre bundles through a completely mechanical
process. The result is a production of shortened and cleaned flax and hemp
fibres suitable for a number of industrial purposes such as mat forming
(Figure 2).

The principle of the process is a bale opener feeding a hammer mill,
where sharp-edged hammers crush the raw material which subsequently is
drawn off by suction through an adjustable revolving screen, and the shives
and fibres are easily separated. This method enables the removal of 95% to
99% of the flax or hemp core, called the shives (Pallesen, 1996).

Mat Forming

The fibres produced can be formed into mats using a special air form-
ing technique. In order to achieve the highest possible capacity for han-
dling very long fibres, a new former head has been developed which is
able to handle 20-40 mm long fibres. The new technique has been in-
vented and patented by M. Eriksen (Eriksen, 2000).

The mats are formed in a separate line with a forming wire and a vac-
uum box. The dry fibres are led into a forming box and are mixed in an
air stream passing several rotating rollers, which are provided with radi-
cally extending spikes. The fibres enter the forming wire and are formed
into the requested thickness or weight per square meter. The mats are
then transferred to an open air oven for fixation (Pallesen, 2000a).

In comparison, the use of traditional air forming techniques has met
insuperable difficulties, and it is not possible to form the described
fibres from flax and hemp using the traditional technique. This means
that a realistic productivity cannot be obtained.

The fixation of the fibre mats takes place in a true air oven, where
synthetic binders such as polymers are bonded with the natural fibres
through melting. The true air oven can fixate a mat of, e.g., 100 mm in a
few seconds. The principle of the oven is based on recycling of air, al-
lowing the airflow to pass through the material.

The mats can be used for many purposes depending on the size of the
mat, the quality of the fibre and binder, modification of the fibres, etc.
When moulded, the mats can be fluffy or hard as structural composites.
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Mats, where the strength is of secondary importance, contain only
2-5% of polymers in order to manufacture a stable mat, e.g., for insula-
tion purposes. For manufacturing composites the amount of polymers is
increased compared to the proportion of polymer for insulation pur-
poses.

Polymer Matrix

Plastic-fibre polymers work as a binder in the mat, and are thor-
oughly mixed with the plant fibre during the mat forming process. In the
press consolidation the polymer has the matrix function.
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FIGURE 2. Flax fibre, SEM-photo 3 250



The tested binders represent polymers that are already adapted for
use in the air-forming industry as binders. The binder has an influence
on the strength of the composite. The different binders are chosen in or-
der to achieve a high tensile strength in combination with the plant fi-
bre.

The bi-component PP/PE has a matrix core with polypropylene 65%

with a melting point at 160°C which is surrounded by polyethylene 35%

with a melting point at 127°C. In the oven, the surface of the polymer
melts and binds the plastic and the plant fibre together to form a rela-
tively elastic mat. The internal core of the polymer is unaffected, and
contributes to the strength and elasticity of the mat. The bi-component
fibres are used in many combinations in non-woven products, and offer
product strength and an environmentally friendly binder function.

The bi-component Polyester T-255 (50:50) consists of a polyester
core surrounded by polyethylene. The T-255 has the advantage of a

broader melting point area, ranging from 127-180°C. The principle is
similar as explained for PP/PE fibre.

Polypropylene PP has a higher melting point than the other two poly-
mers. PP is often used in composites, e.g., the automobile industry,
geo-textile, etc.

Press Consolidation

The natural fibres have high tensile strength and stiffness, whereas
the function of the matrix is to tie the fibres together through warm fixa-
tion.

At Risoe National Laboratory, a simplified model of the press con-
solidation technique is used for the trials. For the press consolidation
technique, the following sequential steps can be identified: lay up,
pre-heating under vacuum, consolidation and cooling. Five basic pieces
of equipment are required to fulfil the process operation: press, pre-heat
unit, mould, conveyor system and a control unit (Andersen, 1997).

Press

The press is a single active hydraulic press with a press force of
30-200 kN and a maximum press area of 1000 3 800 mm2. The piston
with the crosshead is integrated in the bottom of the press and has a
maximum press stroke of 400 mm. The speed of the crosshead can be
adjusted from 0-100 mm/s.

68 JOURNAL OF INDUSTRIAL HEMP



Pre-Heat Unit

In the pre-heat unit the material is conduction heated under vacuum
in order to prevent/minimise the degradation of the thermoplastic ma-
trix material and to remove the air (porosity) from the puffy semi-raw
material. The pre-heat units consist of two 1300-Watt heaters. The design
of the vacuum tool has been specially developed to handle postpreg
semi-raw materials, where it is necessary to melt the matrix material in
order to ensure a high level of fibre wet out in the consolidated lami-
nate-composite.

Conveyor System

In the forming phase, the material has to stay hot for as long as possi-
ble to facilitate the rearrangement of the fibre reinforcement and matrix
flow in the material. Fast and accurate handling of the material from the
pre-heat section to the press is, therefore, necessary. The speed of the
conveyor can be adjusted from 0-3 m/sec with a position accuracy of
1/10 mm. The flexible silicone vacuum sealing is placed on top and bot-
tom of the conveyor frame.

Mould

The press and heating unit was set up for pressing flat (2D) test lami-
nates of maximum 300 3 300 mm2. The two mould parts consist of
1300-Watt heated press plates attached to both the stationary top part
and the crosshead.
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TABLE 1. Different polymers tested in the fibre composites.

Bi-component polymer
fibre

Pct. of plant fibre/binder Processing temperature in the
mat forming process/
fixation (°C)

(Wt-%) (Vol-%)

T-255 (50/50)
Polyester/Co polyethylene

50/50 48/52 145

PP/PE (65/35)
Polypropylene/Polyethylene

50/50 37/63 145

PP
Polypropylene

50/50 37/63 160



Control Unit

The PC/PLC control unit takes care of both the process parameters
according to the fix values and automatic execution of the experiment.

Experimental Plan

Two serials have been carried out. Serial I, a pretrial, was carried
through in order to determine the optimum temperature for press con-

solidation. Temperatures of, respectively, 140 and 190° C were used on
flax mats during press consolidation (Krex, 1986). The best results were

achieved at 190° C.

In serial II the trials were carried out at 190° C, as the preferred tempera-
ture for the warm pressed composites. Process time was 10 minutes.

Characterisation

The density, content of fibre, polymer matrix and porosity was deter-
mined by gravimetric measurements using a modified version of
ASTM D 3171-76 (Standard test method for fibre content of reinforced
resin composites) (ASTM, 1978). In this procedure, composite samples
were weighed, the PP or PP-PE matrix dissolved in hot xylene and the
residual flax or hemp fibres were isolated, dried and then weighed. With
the known density of the fibre material and of the polymer matrix, it was
possible to calculate the weight and volume fractions and the porosity
of the composite. Calculations have been performed with flax and hemp
fibre density of 1.54 g/cm3 and a matrix density of 0.91 g/cm3 in PP/PE
and PP. The porosity expresses the amount of air in the composite after
pressing, the lower percent means in general a higher strength.

It was not possible to dissolve and remove the T255 matrix material
totally from the consolidated laminates–composites. Therefore, there
are no results of fibre content and porosity for these material combina-
tions. The matrix density for polyester is 1.4 g/cm3.

Four tensile test specimens were cut and tested in both the main di-
rections of each laminate allowing a comparison of tensile strength and
stiffness properties between samples cut in the same direction as the
mat (zero degrees or warp) and samples cut across the mat direction (90
degrees or weft). Tensile testing of “dog bone”-shaped specimens, mea-
suring 180 mm in length, 25 mm in maximum width and 15 mm in the
narrowest section, was performed on a mechanical Instron testing ma-
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chine with a 5 kN load cell. The machine was operated in displacement
control at a speed of 2 mm/min. Longitudinal strain of each specimen
was recorded with two back-to-back extensometers. Readings of load
and strain were sampled at 4 Hz with a PC-based data acquisition sys-
tem (Labtech Notebook). The average strain was used and the stress
was calculated as load divided by initial cross-section. From the mea-
surements, the average stiffness (E-modulus) was calculated in the
range from 0%-0.2% strain and the average ultimate tensile strength
was recorded.

RESULTS

The tensile strength and stiffness (E-module) has been measured in

the preliminary serial I, where two levels of temperature, 140° and 190°
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TABLE 2. Optimisation of process temperature in flax composites.

Serial I
Trial no.

Material Temperature-
[°C]

Process
time
[min]

Consolidation
power [kN]

1 Flax/PP-PE 140 5 200

2 Flax/PP-PE 190 5 200

TABLE 3. Composites with flax and hemp, and varying polymers as matrix.

Serial II
Trial no.

Raw material* Matrix Temperature
[°C]

Process
time
[min]

Consolidation
power[kN]

1 Flax S PP 190 10 200

2 Flax U PP 190 10 200

3 Hemp S PP 190 10 200

4 Hemp U PP 190 10 200

5 Flax S PP/PE 190 10 200

6 Flax U PP/PE 190 10 200

7 Hemp S PP/PE 190 10 200

8 Flax S T255 190 10 200

9 Flax U T255 190 10 200

10 Hemp S T255 190 10 200

* S = Semi-retted, U = Un-retted



C during the press consolidation were tested. The reason for choosing

140° C was that we wanted to test the properties in the composite at a le-
nient treatment. We also wanted to investigate whether the polymer was
damaged at high temperature. Since the core in the PP/PE matrix, the

polyethylene, melts at 140°C, we would have attachment between the
plant fibre and polymer-matrix. The PP fibre is semi-crystalline, with a

broad melting interval. At 140°C, the polymer is softened up, and
makes an attachment through the PE, that has melted and fastens to the
plant fibres. The PP fibre works as reinforcement of the composite.

Treatment 190°C during press consolidation gives a higher tensile

strength and a higher stiffness than at 140°C, but only at direction 0° of

the mat length, whereas the direction 90° of the mat length has the same
tensile strength (Figure 3). The result is presumably due to a better at-
tachment to the fibre. The level of strength in the pre-trial is not very
high, but shows that direction of the mat is of some importance. Further-

more, the high temperature, 190°C, gave the lowest porosity which is a
great advantage.

A reference would be a 100% plastic composite. The tensile strength
in polypropylene (PP) is 28.5 MPa and stiffness is 1.7 GPa. The tensile
strength in bi-component PP/PE is 20.0 MPa and stiffness is 1.4 GPa.
The polyester is not measured.

The high temperature gave the best results, and showed that the poly-
mer was not damaged. But the contribution to the tensile strength in flax
and hemp is negative in the preliminary trials. This is due to a lack of
contact between the plastic and the plant fibre.

The light microscope image in Figure 7 shows the fibrillation and the
attachment between the fibre and matrix. There are only few air holes in
the composite, trial 8. The fibres occur as single fibres and in fibre bun-
dles. In trial no. 3 there are parts of the composite with no attachment to
the matrix.

The variation of the matrix and the raw material in serial II shows a
wide variance in strength. In general the un-retted flax gives a higher
strength than semi-retted flax, whereas the un-retted hemp has a lower

tensile strength. The best results, 43 MPa (0°, length direction), are
achieved in hemp with a polyester matrix T-255 (Figure 8).

The fibre volume fraction is normally in the range 20-35 vol. %, cor-
responding to a fibre weight fraction of 35-55 weight %, and the poros-
ity is normally in the range 2-10% (Figure 9). It is possible to determine
the porosity in composites with very high porosity contents, up to 50
vol. % (Andersen et al., 1999).
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The chosen 50% weight content of plant fibre (from 27%-48% vol.)
is relatively high in order to achieve a good adhesion and wetting be-
tween fibre and matrix. A higher content diminishes the possibilities
to achieve a good fibre wetting due to an insufficient amount of poly-
mer.

There are no results of fibre content and porosity for the polyes-
ter-composites since it was not possible to totally dissolve and remove
the T255 matrix material from the consolidated laminates-composites.

The highest stiffness is achieved in polypropylene, whereas the
T-255 has the lowest stiffness (Figure 10).

Bodil Engberg Pallesen and Tom Løgstrup Andersen 73

TABLE 4. Process temperature–flax fibres in warm pressed composites, serial I.

Process
temperature

Fibre content,
pct. of weight

Fibre content,
pct. of volume

Porosity,
volume pct.

140 44.6 27.0 18.2

190 45.1 33.0 1.5

Tensile strength in flax composite at different

process temperatures

Strength, 0°

Strength, 90°

140 degrees 190 degrees

Process temperature
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FIGURE 3. Tensile strength at two process temperatures. Tensile strength at
0°, length direction of the mat and 90° cross direction in flax composites



DISCUSSION AND CONCLUSION

Comparison with Other Composites

Compared to other composites derived from flax and hemp fibres the
tensile strength in the trials is rather low, the highest being 43 MPa in
un-retted hemp and polyester composite. Flax/PP composite has 20-25
MPa, which is lower than PP-composite at approximately 30 MPa.

Generally, 50-70 MPa in tensile strength (0°, length direction) and 3-6

GPa (0°) in stiffness are easily achieved in flax composites from carded
and needle-punched mats based on short flax fibres, a typical by-product
from the textile industry (Snijder, 2000). This is measured in hemp-fi-
bre/PP composites, using 30–50% of fibre. The highest content of fibre
resulted in the highest tensile strength and the highest E-module.

The tensile strength can be improved with a modification of the fibres.
At Risoe National Laboratory, an improvement of the tensile strength, is

74 JOURNAL OF INDUSTRIAL HEMP

FIGURE 4. Mats and press consolidated fibre composites



found typically 25%, in jute composite modified with MAPP (Maleic an-
hydride grafted polypropylene). The improvement is due to a better
chemical bonding between the natural fibres and the matrix.

ATO-DLO also works on the improvement of the fibre composites.
Flax-polypropylene composites modified with, e.g., MAPP have re-
sulted in a tensile strength increased by 25% or even more (Snijder et
al., 1997), reaching 95 MPa for flexural strength.

The tensile strength varies according to the orientation of the fibres:

Direction 0° of the mat length or 90° cross direction. The strength is
normally higher for the cross direction, but not in the new composites.
Random needle-punched mats-in this case Danflax mats-produced
from flax tow with 50% PP, have obtained a tensile strength at 28 MPa
in length direction versus 57 MPa at cross direction, and a stiffness of
3.3 GPa in length direction versus 5.5 GPa in cross direction (Nielsen,
1999), which is not very different from the new mats.
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FIGURE 5. Test composites for tensile strength and E-module–“dog bone”
shaped composites
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FIGURE 7A. Light microscope image of composite with semi-retted flax and
polyester (T-255), X126; trial no. 8

Stiffness (E-module) in flax composite at different
process temperatures
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FIGURE 6. Stiffness (E-module) of flax composites at 0°, length direction of the
mat and 90°, cross direction, at two process temperatures
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