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Abstract  

Humanity is facing a pressing need to decarbonize the atmosphere in order to avoid catastrophic consequences. Sugar cane holds 

great potential to move towards a sustainable bioenergy production, as it is one of the most efficient biomass producing plants. 

However, the stagnant worldwide sugarcane yield is a menace to the fulfillment of its prospected contribution. Although promises 

abound of reaching that goal with new productive cultivars, there is a bottleneck not yet acknowledged: a dependable resilience of 

the cultivars. Resilience is a key factor in any agricultural crop and the genetic constitution of conventional sugarcane clearly shows 

why it fails in it. In a century-old sugarcane breeding system, one drive has prevailed: despite the cultivars having high 

concentration of sugar, they must consist of low fiber (12 ±2%), as allegedly the mills can operate with high efficiency. To 

accomplish this tradeoff, the sugary ancestral Saccharum officinarum contributes with nearly 85% to the genome of the cultivars, 

while the fibrous and resilient ancestral S. spontaneum complements the rest. With this composition, it has met the feedstock quality 

imposed by the industry, but the level of resilience is prejudiced. As result, the productivity of sugarcane has levelled off worldwide 

and the only chance of a leap forward is to break this captive dogmatism with energy cane: a plant with a higher contribution of 

the genome of S. spontaneum. With this gene influx, the resultant plant has higher resilience; the higher the genome contribution 

of this ancestral, the higher its resilience. This new hybrid type with high fiber content can definitively upgrade the biomass 

agroindustry, due to both its higher resilience and heterosis for biomass productivity and other favorable characteristics, thus giving 

a valuable contribution to CO2 mitigation. 
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1. Introduction 

Decarbonizing the atmosphere is one of the main momentous world agendas to make sustainable the life in our planet 

in a long run (1). In this sense, renewable forms of energy are in great demand and, among them, bioenergy comes as 

one valuable option (2-9). Sugarcane holds great potential to move towards a sustainable bioenergy production, being 

one of the most efficient biomass producing plant and, advantageously, its juice can be transformed to liquid biofuels 

to replace petroleum derivatives (10-14). However, there is a claim that even the high biomass productivity of 

sugarcane will not be sustainable to accomplish the high demand for biofuels and other forms of bioenergy and bio 

products. There remains the contentious issue of food versus fuels competition for land, as producing enough food to 

an ever-increasing population is another serious concern (15-25).  

Sugarcane breeders during the last century made the remarkable job of continuously delivering cultivars (hybrids) 

able to cope with the industry need, together with all the agronomic traits necessary to thrive under all the variable 

environmental and husbandry conditions throughout the world (26-29). However, now their productivity has levelled 

off in all sugarcane growing regions with an advanced breeding program (24, 30-37), and allegedly it is doubtful that 

any further significant genetic contributions can be made doing “business-as-usual” (38, 39). The reason lies in a 
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pragmatically dual characteristic traditionally imposed by the milling industry to the feedstock: low fiber together 

with high sugar content. This paper reasons and sustains that this driving tradeoff is what definitively constrains yield 

progress in sugarcane. This argument comes with the understanding of the basic and genetic constitution of sugarcane 

cultivars: they are a complex combination of the genome of the species Saccharum officinarum and S. spontaneum, 

in a proportion of nearly 85% of the genome of the first (sugary ancestor) and 15% of the second (wild fibrous 

ancestor). The prevalence of the genome of the first species drives the most wanted dual characteristics of sugar cane 

varieties: low fiber content and simultaneously high sugar content. Both of those contrasting characteristics come from 

the first species. However, as resilience comes from the second species, what happens is a low level of resilience in 

the bred varieties. As discussed later, resilience is key for adaptability of the cultivars, together with yield stability. 

By changing the genomic composition to a higher level of contribution of the second species, a characteristic of energy 

cane, not only is the resilience level magnified, but the heterotic effect concerning biomass productivity is brought, 

not to mention several other favorable agronomic and environmental attributes are effected as well. Therefore, in 

looking forward, energy cane adoption should be considered an alternative to definitively give a leap forward to the 

fickle sugarcane agroindustry, as well as give a valuable contribution to the planet’s environment. The aim of this 

paper is to discuss this insight.  

2. Trends of the Sugarcane Agroindustry 

In its millenary history, distinct obstacles, viz. economic, biological, technological, policy, and social had challenged 

the sugarcane agroindustry from time to time, both globally and in specific countries or regions. Now, at least in 

Brazil, this important sector of the economy is again under a troublesome circumstance: many enterprises are suffering 

financial difficulties and others have been dismantled (40). At the root of this crisis is the limited field productivity 

(41-43), which shows a level not profiting enough to counteract the rampant growth of the production cost (43-46). 

The prospect in a long run is that this overall picture will only change for the worse, although it may eventually 

intermingle with short periods of alleviations. Under this condition, this agroindustry is at a crossroads: It must decide 

to continue doing business-as-usual, suffering all the constraints and instabilities that recurrently affects this sector 

(47), or take a new and a more solid path. This path is the exploitation of the crop as source of feedstock to feed the 

emergent biorefineries concept, as will be mentioned below.  

Diverting the product of photosynthesis to reserve energy (sucrose) or structural constituents (fiber) is a fundamental 

trade-off of the sugarcane plant (48, 49), and man should exploit this wealthy bequest by nature advantageously. 

Traditionally, the sugarcane agroindustry evolved to primarily exploit its sucrose. Now, it is imperative to exploit the 

entire plant biomass, establishing a “grand alliance” of man and the plant, as stated by Alexander (48) that is, exploiting 

the genera Saccharum’s proficiency in producing structural carbohydrates. The world urgently needs alternatives of 

renewable energy to decarbonize the atmosphere, as most of the nations recognized in the recent summit COP 21 in 

Paris (1), and biomass produced in sustainable way is a relevant contributor to it. Sugarcane is widely recognized as 

one of the most proper plants to contribute toward this path: not only does it have a high biomass productivity (48, 

50-53), but also a well-established agricultural production, transport logistic, and industrial processing system. 

Additional advantages are an almost year-round feedstock’s disposal (14, 54, 55), and compliance with most of the 

requirements considered necessary to meet environmental sustainability (56-60). 

A timid diversion to that new path already occurred when the mills started to produce vapor and electricity by burning 

the leftover bagasse resulting from the extraction of the sugary juice. Later on, in the second half of the seventies of 

the last century, Brazil took the remarkable pioneering journey of massive ethanol production from that same feedstock 

to supply an alternative liquid combustible to run automobiles, the first-generation ethanol - 1GE (10-13, 61-64). A 

realization followed that the left-over tops of stalks and leaves resulting from the “green harvest” is a valuable 

feedstock for additional electric energy (65, 66). Overall, this trinity sugar – ethanol – electricity approach opened the 

mind to the fact that sugarcane is a large energy producing plant, instead of only a food producer, as warned more 

than 30 years ago, by Alexander (7, 48, 67) and Coombs (61). Soon, the production of second-generation ethanol 

(2GE) from the same waste bagasse and leaf will come into realization, which means a leap forward to this 

agroindustry (68-77). Additionally, other incoming technologies to change the carbohydrate into several other valued-

added bioproducts will transform the millenary sugarcane agroindustry into biorefineries (48, 60, 78-86). By changing 
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this way, there is hope to accrue a higher and more stable revenue, thus definitively bringing sustainability in a long 

run to this important agroindustry (47, 48, 87, 88). 

However, whatever the technology route, only a highly productive feedstock will secure sustainability in the long run 

(53, 89), and at the same time, avoid competition for land with food production (7, 19, 20-22, 38, 90-92). In this sense, 

it is arguable that conventional sugarcane would be able to comply with these new perspectives with sustainable 

financial return (93). 

3. The Sugary Sugarcane Plant and its Bottleneck 

Grasses are plants that specialize in diverting their photosynthetic carbohydrate mostly to fiber to form their structure 

and, at the end of their life cycle, to starch, oil, and a small portion to protein in the seeds to secure their reproduction 

and survival (94, 95). Among them, sugarcane is unique (with some sorghum as well) in partitioning a substantial part 

of the photosynthetic product permanently as sucrose (35, 96, 97). This carbohydrate is restored mostly in plenty of 

parenchymatous cells formed in the culms exactly to fulfill this aim (35, 49, 96-100). Unlike staple food crops in 

which the priority is given to the maximum productivity of grain in detriment of the plant structure, in sugarcane it is 

the plant structure that matters, as the targeted sucrose is restored in it.  

Many variant types of Saccharum officinarum had been exploited for sugar making from the latter half of the 1700s 

to the beginning of 1900s. The sugarcane industry found them very suitable for sugar production, due to both the 

ability of the facility to squeeze their high sugary juice and to recover the sugar crystals in the industrialization process, 

due to the high purity of their juice (101). In Java, the Dutch colonizers coined them as “noble” canes (a discriminatory 

colonialist view) as corollary due to their superior qualities and their morphologically very attractive forms (thick and 

colorful) (102- 105). However, being a tropical plant, it thrives well only in good soil and proper husbandry, supplied 

by abundant rainfall, and under a range of favorable and constant temperatures (102). The continuous cultivation of 

those kind of cultivars in the same land for a long time inevitably impaired the crop as result of their fading under the 

accumulation of diseases and other stressing factors. One of the approaches devised to counteract that impairment was 

its hybridization with wild species, mainly S. spontaneum and landraces, like S. barberi and S. sinense, which lately 

were determined to be natural hybrids (26, 102, 105-107). However, the offsprings (F1 generation) did not suffice the 

basic industry’s requirements: instead of plants with high sucrose content and smooth, whose characteristics they were 

used to for more than a century, plants with low sucrose and with high fiber content, although highly vigorous (102). 

Those sorts of plants were not the ideotype they were looking for, which led the breeders to scrutinize advanced 

generations of backcrossing, a process defined as “nobilization” (26, 108-110). After at least two decades of 

perseverance, they succeeded in getting the first commercial hybrids that fulfilled both the industry and agriculture 

needs of that time. The “nobilized” cultivars at the same time presented acceptable resistance to several threatening 

diseases and satisfied the millers in terms of the sucrose – fiber balance. Additionally, they were capable of buffering 

at a reasonable level the variable growing conditions brought by the expansion of sugarcane cropping throughout the 

world (26, 51, 98, 102, 110, 111). Contemporary breeding programs of that time (India and Barbados, for example) 

initially adopted the same approach. Thereafter, the breeding programs all over the world produced new cultivars 

(with some exceptions) by intercrossing previous nobilized cultivars or clones, rather than going back to new 

nobilizations (26, 27, 51). Therefore, the modern sugarcane cultivars are hybrids consisting of 4th to 11th generations 

removed from the original hybridizations (27).  

When S. officinarum is crossed to S. spontaneum (and other species as well), what occurs is a special chromosome 

transmission of 2n + n, respectively, that is, the genome of the first species is integrally transmitted, as extensively 

reviewed (26, 105, 112, 113). In many cases, this special chromosome transmission also happens in the first backcross, 

but normalizes to normal meiosis in further steps of backcrossing (105, 108, 112, 114). This is fortunate as it enables 

the rapid recover of sugary forms in backcrossing and, conversely, pushes down the fiber level. The results are 

allopolyploid individuals with total number of chromosomes varying from 100 to 130 (51, 113, 115-117). The 

resulting hybrid cultivars are complex aneuploids with a large dominance of chromosomes of S. officinarum over 

chromosomes of S. spontaneum, 80-85%, to 10-15%, respectively, with the remaining 5-10% being recombined 

chromosomes of both species (105, 118-120). This particular combination gives the plant the required agricultural 
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performance, and at the same time, fulfills the industry needs, that is, out of this range the plant is rarely suited for 

commercial exploitation, both in terms of general agricultural traits (105, 109) or disease resistance (121). However, 

as discussed here, this is only true under the conventional sugarcane exploitation system.  

Stressing the selection for high sugar content and simultaneously for low fiber is an indirect selection for prevalence 

of S. officinarum chromosomes in the commercial hybrids (122), that is, the balance referred to above. From the 

practical standpoint, the ultimate result is the loss of the hybrid vigor (heterosis) (48, 50, 102-104, 122, 123), and two 

other very important underlying traits: vigor of the root system and the presence of rhizomes. In losing those two 

characteristics, it has also lost resilience, a pivotal trait in plants, as it governs adaptation and stability, both of key 

importance to allow the development and survival of plants in nature and in agriculture as well, as discussed next. 

However, any breeding program ponders the root system vigor directly in the selection process, as well the complex, 

reciprocal, or dynamic root-microbial interaction in the rhizosphere affecting the plant’s performance (125-130). This 

is understandable, as the belowground hidden system is not an easily workable organ (131-134).  

Remarkably, the sugarcane hybridization process, carried out in the last hundred years throughout the main centers of 

sugarcane production, allowed both a technological evolvement of the sugarcane agroindustry and its free expansion 

throughout less amenable environments (climate and soil) in distinct regions of the world (27, 28, 109, 110, 135, 136). 

There is no doubt that this figure resulted from some level of resilience incurred by the few S. spontaneum genes in 

the hybrids. However, now, concerning yield, after a more than a hundred year of breeding, it is arguable that it has 

reached the biophysical turning point that represents absolute limits on yields, thus not leaving prospect for any further 

significant gain in the new cultivars. Evaluation of the sugarcane breeding process in the main producing centers 

shows a levelling off in either biomass yield or sucrose concentration in the cane (24, 30-37). Hence, further genetic 

gains are an obvious concern (137). Proposals to comply with it abound, both from conventional breeders and 

molecular biologists (12, 29, 39, 50, 60, 138-142). For example, sugarcane breeders were long claiming that the main 

constraint that restrains progress could reside in the narrow genetic basis underlying the cultivars all over the world 

(112, 136, 143-146), a view agreed upon by contemporary analysts (39, 147, 148). However, attempts to broaden the 

genetic base have been relatively unsuccessful; if both the yield level per se or sugar concentration in the juice were 

approached (31, 104, 141). Although the causes for that constraint have been long debated and many approaches have 

been suggested (29, 110, 112, 135, 136), the problem remains largely unsolved (24, 34, 149). This means that any new 

germplasm influx, either by conventional introgression methods or via molecular biology, will not succeed if it is to 

prevail that strict driving force. Successful cases of nobilization do exist (150, 151), but they refer to adaptation to 

specific conditions and not in terms of an overall and definitive yield increase. Both cases relate to harsh temperate 

climatic conditions of Argentine and Louisiana-USA, and it is remarkable to point out that those cultivars were reached 

with few round of backcrossing, thus avoiding too much dilution of S. spontaneum chromosomes. In Louisiana’s 

breeding program, efforts to increase sugar concentration in cane had been pursued and they did succeed (151), but 

the necessity of also including a minimal amount of resilience (as will be discussed next), besides ratooning ability, 

precluded further advance on the trait (32).  

Ratooning and the consequent ratoon crop is another important characteristic of sugarcane exploitation, as laying 

down the crop is a very expensive operation and, in most cases, actual profitability comes from the ratoon crops; the 

longer the number of ratoons, the higher the profit (152-154). However, as result of the prevalence of the S. officinarum 

genome in the cultivars over those of S. spontaneum, the husbandry prejudices the ratooning ability, as reviewed and 

discussed by Matsuoka et al. (155). Thus, the low average sugarcane productivity is also result of this weakness, as 

will be detailed next.  

A case for Brazil summarized here fits well into the above quests. After a steep growth of the sugarcane agroindustry 

due to its alcohol program, from 1975 on, the sugarcane production of the country increased from 180 million tons a 

year to more than 650 million tons (156). However, a severe financial constraint hit the sector. Due to several factors, 

the productivity of sugarcane was lower than the most recent historical peak, and the cost of production skyrocketed 

(44-46). Active breeding programs continuously released plenty of new cultivars in modern times (13, 27, 28, 157-

159), so that from this side there is no excuse. The technological gap brought on by the sudden change in the harvesting 

method from pre-burnt cane to green harvest imposed by government mandate (43, 64) could be documented as one 
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of the main causes driving the problem. The proper technology for this new management process was at fault or not 

properly understood by most people (43). For example, fields not properly planned for mechanical harvesting have a 

loss of feedstock during a harvest or a higher cost of harvesting as a result. Gaps also result from uprooting of stools 

by harvesters, or sprouting failure due to excessive overriding of machines over the stools. Impeded regrowth of the 

next crop due to soil compaction and other causes, like disease and pest attack, favored by the cover trash left on the 

soil, can also be the cause of much of those constraints (43, 154). The overall result was an average low productivity 

and, to make that figure worse, the financial crisis impeded growers to renew the feeble fields. Concerning cost, the 

significant decrease in the rate of cane multiplication imposed by mechanical planting impacts most: from 1:10 ratio 

in the manual planting, which is already critical to 1:5. As result of those constraints, many companies are facing 

severe financial crisis; the less efficient ones inevitably terminating or nearly doing so (40, 42, 44). The clear-cut 

conclusion is that the sugarcane agroindustry is at a crossroads. How to overcome the bottleneck? What are the 

alternatives? Where to go?  

What comes as a conclusion is that, after a hundred years of breeding, there is no prospect of further significant gain 

in productivity if the hindrance resulting from the established fiber to sucrose ratio continues. Addressing the problem, 

Botha (149) devised the “Sugarcane Triangle” diagram, meant to represent the relationship between fiber, sucrose, 

and biomass yield. Per this author, long discussions to elucidate that triangle ‘got blurred’ and, thus, it may be better 

to call that figure the “Devil’s Triangle.” He contended that biologically it is impossible to break the limit of 30% of 

fiber plus sucrose in cane. Considering this as true for conventional sugarcane, what can be predicted is that sugarcane 

breeding, either by traditional method or by a genetically engineered process, will only bring marginal increase in 

productivity from now on, at best, notwithstanding numerous optimistic pledges. This is not to minimize their 

importance, as maintenance breeding has an importance of its own: sustaining the attained productivity and dampening 

fluctuations in crop yields are as important as increasing yields (160), due to new land for agriculture getting scant 

and soil fertility of traditional areas being depleted (21, 161-165). Moreover, new cultivars will always be needed to 

replace the old ones. Their decreasing performance is a result of continued cultivation in the same soil (decreasing 

physical and chemical properties, disease/plagues accumulation, weeds competition, etc.), and new technology 

requirements as well (135). One such example is the green cane harvesting procedure: Erect cultivars would facilitate 

the physical operation and cleaner feedstock delivered to the mill, at the same time not uprooting or crushing the 

crown by the harvester, or not restraining the ratoon plant in its growth by soil compaction (43, 166). S. spontaneum 

is one important source to withstand those constraints, so that if its genetic contribution is to be restrained, there is no 

chance of progress. The best case will be cultivars able to avoid a decrease in productivity under all the constraining 

factors, rather than an increase in it. However, besides the stagnant sugarcane productivity, the issue nowadays is a 

very significant financial constraint, due to the high cost of production, including harvesting and delivering of the 

feedstock. It looks like the devil is at play, reckoned Botha (149), and the actual solution remains as an open question 

so far. However, the biological explanation is surprisingly quite simple: what is restraining sugarcane productivity is 

the low fiber content, which due to requirement imposes the genomic composition referred to. 

The above discussion underlies the main objective of this essay, which is to address the prospective cause of the 

stagnant yield of sugarcane cultivars: the strict narrow range of fiber content primarily imposed by the factory, in 

conjunction with high sucrose content in the juice. The tight values of this tradeoff of sucrose – fiber captivated the 

sugarcane breeding programs all over the world for a century. With this dogmatic condition imposed upon the plant 

and its negative effect on the cultivars performance in the field (lower resilience, about which there will be more later) 

remained largely unnoticed and ignored as consequence. This insight, that is, the requirement of low fiber content 

leading to the confinement of the productivity of sugarcane cultivars is the central issue now raised and brought for 

discussion here. 

4. Plant - Soil Interaction 

Obviously, every terrestrial organism has a strong relationship with the soil, either directly or indirectly. Among them, 

plants are the organisms with the strongest link with the soil, for obvious reasons (165, 167). As has been said, a plant 

thrives in the very place it is growing, dealing with all the prevailing environmental forces, integrating both the aerial 

and the soil stratum (168), so it is easy to understand that it is an entity with tremendous fitness ability (resilience). In 
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a soil with its spatial and temporal heterogeneity, plants have to forage for water and nutrients through their root 

system, whether their availability is high or low, so that the acquisition of soil resources is an important component 

of plant fitness (169-174). However, the soil is not a uniform entity: Every pinch of soil, in its horizontal or vertical 

dimension, and in a given time span, is a very complex unit and hard to imagine when viewed at a glance (25, 128, 

175-179). Many soil resources, including water, have an uneven distribution, both horizontally and vertically in their 

profile (180), and may result in shorter or more permanent depleted patches, influencing root formation and 

distribution (175). This, in turn, alters the ecosystem further. Lynch (175) recalls that patches of P availability may 

retain their boundaries within centimeters or millimeters over some years, and very strong gradients of temperature, 

oxygen status, water availability, pH, bulk density, and nutrient status over a scale of centimeters may occur. For 

example, topsoil tends to be richer in nutrients, but also drier and more subject to temperature extremes than the 

subsoil. However, this a minimalist example of the complex aboveground-belowground interaction (129) that in 

ecology is only recently being recognized and tackled (181-183). Therefore, it is understandable that it is not well 

approached in agriculture yet. 

One of an important issue in the complexity of aboveground–belowground interactions is the intricacy of the myriad 

of living organisms that interact with the plant root system, synergistically or harmfully, in the struggle for life (129, 

173, 177, 184-188). Plants thrive under that complex soil–air ecosystem, that is, the conjunct of aboveground–

belowground systems, both in space and temporal scales (181, 182). In the specific case of agriculture, the anthropic 

management should also be comprised (189, 190). This plant-soil interaction status is a very complex dynamic matting 

system, and not as trivial as it looks to the casual observer (126, 127, 174, 180, 182, 184). As such, a plant in an 

agriculture system, questing for water and nutrients, should compete inter- or extra-population (weeds, in this case). 

The roots are not alone: In the rhizosphere there is a myriad of microorganisms to help the plant in the foraging task, 

or to compete and prejudice as well, not mentioning the endophytes microorganisms (97). What results is a complex 

structure of soil particles, roots, mucilage, air, water, mineral, and organic chemical elements, as well as all the macro 

and microbiota. Thus, the soil is not only a simple physical substrate, but also a living system with a dynamic 

evolvement in the span of time (170, 178, 182, 184). Additionally, one community (aboveground) affects the other 

(belowground), synergistically (182, 183, 191). In the modern agriculture system, that evolvement is mostly for the 

worse than for the better. The continuous and inadequate management is leading the soil to be gradually depleted from 

its resource (15, 21, 33, 161, 162-164, 187, 192-194) and in some cases, indirectly via climate change (195-201). The 

overall result is an increase in stress forces pushing the plants down, in terms of biomass production. Therefore, even 

the adapted cultivars will not grow in an entirely normal condition, at least in part of their life cycle, or under a specific 

management condition (176). From the practical standpoint, what this means is that in commercial fields the actual 

productivity will lag well behind the potential productivity of each cultivar, and the higher the agricultural area 

considered, the higher the lag will be (202, 203). For this reason, addressing the challenge of increasing yield poses 

one of the biggest tasks modern society should cope with the huge requirements for food and goods of the increasing 

population (15, 19, 21, 24, 25, 203-206).  

5. Stress and Plants’ Resilience 

Conceptually, every living organism is under some level of stressing force (stressor), biotic and abiotic, whether 

isolated or in interaction, this multiple stressor force is the most usual (207). Wherever they grow, plants cannot 

disguise or evade and have to thrive under a variety of stressors, drought being the main one (179, 207-210), ultimately 

restricting their chances of development and survival. The deviation of the environment from the optimal condition 

because of the stressor elicits responses and changes at all functional levels of the organism (179, 207), and thus, stress 

is a physiological state of an organism reacting to the stressor (211). Initially, these changes can be reversible, but 

later they may become permanent. Even if the stressful event is merely temporary, the vitality of the plant (for 

example) becomes weaker the longer the stress remains. When reaching the limit of a plant’s ability to adjust, hitherto 

latent damages develop into chronic disease or irreversible injury (179, 212). “Resilience” (also hardiness) is the 

definition of a plant’s ability (organisms, system, etc.) to cope with stressors and recover the healthy (normal) 

condition. The higher the resilience level, the lesser the affectation of the plant by the stressor. Darwin’s concept of 
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“survival of the fittest” is ultimately the selection of individuals with the highest level of resilience to a specific 

environment.  

In agriculture, the land environment is shaped by man pretending to give the crop an ameliorated condition to thrive 

the best it can (189) and thus, the cropped cultivars are those specifically bred for that particular husbandry condition. 

The same meaning of “survival of the fittest” applies here too. The difference is that here the interested subject is a 

population, rather than an individual (213). When breeders select genotypes for commercial exploitation, the fittest 

ones (lines or clones) have a chance of survival as cultivars and, conversely, the unfitted are discarded (214). This 

term, “unfitted” as used here means a genotype with any weak characteristic that makes it undesirable in commercial 

exploitation, that is, not only with low performance under the prevailing environmental conditions, but also without 

the commercial value required by society. Later, the pre-selected genotypes are scrutinized in various conditions where 

they are supposed to be grown, that is, determined their adaptability to the diversified agricultural environments, each 

one with adjusted husbandry to give the cultivars the most appropriate environment as possible (215-218). The 

experimental process to elect those individuals is what is conventionally known as the determination of the genotype 

by environment interaction (219, 220). Ultimately, this study aims to predict the agronomic performance of each 

cultivar in each environment (221). This means that their level of resilience in that environment fits satisfactory into 

the economic targets (222). Adaptability is the term geneticists use to describe this plant’s trait. A plant having ample 

adaptation by adapting to several environmental conditions in time and space, and ultimately several stress forces, is 

said to have less interaction with the environment, more stability, or large plasticity (223). Growers generally prefer 

those cultivars, as they will give them a more stable average yield across several years and distinct plots, in interaction 

with specific husbandry (217). As pointed out by Walker and Simmonds (202), the experimentation rarely is able to 

take into account all the environments, neither in space nor in time, and thus always has a bias (224). When the growers 

adopt some of them, the fittest ones will survive and the non-adopted ones will be deceased. However, it is not to say 

that an adapted crop to a given balanced plant-environment condition will perform accordingly all the time. The 

complex biotic and abiotic factors acting in interaction will always stress the plant, if not throughout its entire life-

cycle, at least in part of it (179, 225), as will discussed next. It should be a reminder that in the specific case of 

sugarcane, as one harvest cycle comprises a full year; the crop must deal with the variable climatic conditions 

prevailing throughout the four seasons, besides the variability within each season and month and even between day 

and night. Moreover, there are many ratoon crops, with each one impacted by distinct environmental conditions, either 

natural or managed by man. For example, it may happen that a cultivar is struck down by a severe drought spell or a 

disease outbreak, and thus deterred from new plantings. This is not to say that the remaining cultivars will in every 

timeframe or location grow under a complete normal (or healthy) physiological condition: any kind of stress 

occurrence is the rule, not the exception (226). It is why Murphy et al. (227) considered the making of proper cultivar 

selection under the variable environments somewhat a guessing game. Additionally, the prospected climate change 

coming to pass (195-197, 200, 201, 227-229), means the resilience of agricultural crops to stressful environments will 

be essential (33, 188, 199, 227, 230).  

Homeostasis of all the physiological functions of the plant to stressful conditions is essential in terms of resilience 

(226). For example, in the successful case of maize breeding, there is an argument that the great yield achievement is 

“associated neither with yield potential per se, nor with heterosis per se, but it is associated with increased stress 

tolerance, which is consistent with the improvement in the genotype x management interaction” (217). The speculation 

is that the selection for increased yield stability of maize to overcome both the large and small stress bottleneck resulted 

in the achieved success (217, 231, 232), and should be the primary driving force of higher yielding ability of new 

hybrids (231). In all crops, filling the gap between potential productivity and actual yield level is a matter of concern 

(171, 203, 215, 233, 234) and, from the breeder’s perspective, it means breeding more resilient cultivars that can resist 

the variable environmental stresses, as prophetically stated by Boyer (208). It shouldn’t be different in the specific 

case of sugarcane (235). 

One illustrative example deserves comment. When Jung et al. (236) comparatively evaluated conventional sugarcane 

cultivars with modified engineered ones to produce a lower lignin content; they found the second ones were more 

affected in yield when a severe drought spell unexpectedly occurred in his field experiment. In discussing that result, 
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they speculated that high lignin confers resilience towards drought, because it helps to determine the physical 

properties of plant cell wall that leads to lower water loss. Benjamin (237) confirmed that those cultivars engineered 

for less recalcitrance in the conversion of fiber to sugars, thus for more efficient production of second generation liquid 

biofuels, are more susceptible to drought compared to cultivars obtained by classical breeding, yielding some 30% 

less wet ton-1.ha-1. Although this issue requires more research, the evidence is indicative of the value of fiber in stress 

tolerance. This also explain why grasses and sugarcane types evolved in stressing conditions are more fibrous. It is 

common sense that the occurrence of uncontrolled stressors (in either quality or quantity) in agricultural systems is a 

frequent feature and cause of the unpredictability of agriculture.  

6. The Fiber-Sucrose Tradeoff and its Effect on Sugarcane’s Resilience 

Underlying all the present-day commercial sugarcane cultivars grown throughout the world prevails a pervasive trait: 

a low fiber content. Low fiber content means the narrow range of about 12 ± 2 % in fresh cane. Plants with a value in 

fiber below that inferior limit is not a workable plant in terms of agricultural phenome. Conversely, the industry does 

not accept that superior limit. Ones allege that high fiber requires more power in the milling process and the sugar 

extraction is inefficient (66, 238-242). In addition, fiber in excess presents a disposal problem of bagasse when it has 

no alternative uses. Conversely, a too low a fiber content too low makes the supply of bagasse necessary to meet the 

energy needs of the factory deficient (243). A proper balance depends on the efficiency of the factory and the demand 

on the use of surplus bagasse (31, 50, 105, 244). Conversely, the desired outcome is for the sucrose content in those 

canes to be in the level of about 17 ± 3% in the juice, thus performing a total of 30% of dry matter in the best cases. 

Actually, in the breeding programs, sugar content is the trait for which selection is prioritized. The determination of 

fiber content is not trivial, so analysis for fiber only occurs in advanced stages of selection (242, 245, 246), 

notwithstanding efforts to develop dependable and fast methods of massive fiber determination in the early phases of 

the breeding programs (246-248). Fortunately, when selecting for the mentioned range of sucrose concentration, the 

fiber content correspondingly comes mostly to its desired range, as result of the prevalence of chromosomes of S. 

officinarum, as mentioned before (103, 122, 249-251). Therefore, reconciling low fiber with high sugar traits in the 

same individual is not a very difficult task, as the selection of a clone with more S. officinarum genes is normal in the 

breeding process, to the detriment of those with prevalence of genes of S. spontaneum. The contribution of this second 

species is only to keep a minimum level of resilience (103, 109, 122, 123, 250, 252). Roach (103, 122) observed 

marked decline in vigor when F1 hybrids of S. officinarum x S.spontaneum were backcrossed to S.officinarum as 

result of increasing the chromosome number of the recurrent progenitor to approximate the triploid level and reduction 

of S. spontaneum chromosome to one half of the haploid level. Additionally, he admitted that further significant 

heterotic effect would most likely be less probable.  

Indirect evidence of this figure comes from the work done by Inman-Bamber et al. (253): High sucrose clones 

presented a lower number of stalks than clones with a lower sugar content. These last ones also present a relatively 

greater amount of structural photoassimates, especially the leaves. Matsuoka and Garcia (134) addressed additional 

indirect evidence by comparing the performance of the cultivars NCo376 and R570. The first is a cultivar characterized 

by high “hardness,” high tillering, and good ratooning ability, as well as high tolerance to drought (254, 255), whereas 

the second is more sensitive to stressing factors. NCo376 is a cultivar with a long history of being exposed to the harsh 

conditions of several African continent regions (256-258). Its chromosome composition has been determined to be 

70:20:10 (S. officinarum: S. spontaneum: combination of both, respectively) (50), whereas the corresponding values 

for R570 are 80:10:10 (259), thus, the first is clearly skewed to a higher participation of the S. spontaneum genome if 

compared with the second. This feature has also been confirmed by Gouy et al. (260). 

As previously mentioned, to get the tradeoff between fiber and sucrose, the proportion of chromosomes of 

S.officinarum and S. spontaneum in the cultivars is to be the cited numbers, that is, a high prevalence of the 

chromosomes of the first species, which is around 80-90%, and the remaining 10-20% being of the second species. 

With this proportion, the cultivars combine the levels of sugar and fiber required by the processing factories to favor 

an efficient industrial recovery of sucrose, without compromising their performance in the field (31). As reviewed by 

D’Hont et al. (12), even though the chromosome complement inherited from S. spontaneum is the minor part, it is 

what confers diversity to the cultivars or, in other words, confers enough adaptability to the distinct environments 
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where sugarcane is grown and copes with the corresponding management system. The small differences in resilience 

among cultivars, and thus the differences in yield performance in distinct locations and environments may be 

accounted for by the small differences in the chromosomal proportion of both species in the aforementioned range. If 

the proportion of chromosomes were in favor of the S. spontaneum, the resilience would be much higher. A case 

history presented by Kingsbury (261) related to the strikes and violence that erupted over the island of Mauritius in 

the 1930’s is very illustrative. The mass of small farmers, mostly of Indian origin, and slaves or ex-slaves on one side, 

and the mill owners on the other “had very different priorities, which crystallized over the choice of which variety to 

use.” The first group relied heavily on a group of varieties known as ‘Uba’, “which were easy to grow in a wide variety 

of conditions, including those less than favored, but had a high fiber content and a relatively low sugar content, which 

made them unpopular with the processing factories.” Per that author, “the Uba group was effectively a landrace, having 

been selected (…) not from the standard S. officinarum, but from the more resilient but lower-quality S. sinense.” The 

entire problem came when the sugar price had dropped to an all-time low and the processors began to offer lower 

prices for Uba varieties. Uba was a thin cane, a type of S. sinense, and a hybrid between S. officinarum and S. 

spontaneum, largely cultivated before the era of the ‘noble’ cane. It was considered hardier than ‘noble’ canes, more 

adapted to poor soils and dry conditions, high tillering, and long ratooning, thus preferred by the farmers. However, 

the millers did not like it because of high fiber and lower sugar content (262, 263). 

For the breeders, the workable range is very tight for both parameters (ex., 12 ± 1% for fiber in the Fiji program (239)), 

resulting in a bottleneck in the process of the selection of suitable cultivars, as it sacrifices the resilience of the plant 

from the agricultural side. Lowering resilience means the plant suffers harmful effects from any stressing factor and, 

thus, a resultant prejudice in productivity. Additionally, there is a loss in tillering and ratooning ability, two important 

characteristics in sugarcane cropping, both inherited from S. spontaneum (103, 123, 124, 250, 264, 265). It is common 

in the selection process to find clones with noticeable heterotic effect on yield, but with fiber content one to two 

percent higher than the abovementioned limit and conversely, with lower sucrose content. These characteristics are 

suggestive of a slight higher contribution of S. spontaneum genome, as discussed before. Those types of clones are 

usually discarded, notwithstanding their higher productivity (109, 266-268). Even with the final yield of sucrose per 

area being favorable, this does not come into consideration, as the same with the ratoon ability and wider adaptation. 

The unfavorable sugar to fiber ratio, together with low purity and consequent higher cost of sucrose recovery has been 

a traditional driving factor imposed by the processors (14, 66, 238-242, 269, 270). This would not be the case if 

bioenergy came as the main target, or land use pressure would come into play (20, 212, 271-274). On the other side, 

there is a general awareness that sugarcane genotypes that have closer relationships with S. spontaneum will show 

better adaptation to adverse environments (ampler adaptability), higher stability, and strong ratooning as well (48, 

114, 124, 134, 250, 252, 264, 265, 271, 275). It is noteworthy to mention that this species is highly polymorphic, 

growing in the tropics and subtropics (8°S to 40° N), extending from Japan and Indonesia/New Guinea throughout the 

Indian sub-continent to the Mediterranean and Africa. As result, it is highly adapted to extreme soil/climatic conditions 

(resilient), from waterlogged marshes to drought stress deserts, saline conditions, and high temperatures at the sea 

level to high altitudes and low temperatures at the fringes of Himalaya (106).  

Sugarcane is prized as the most productive, dedicated plant for biomass production (48, 52, 273, 276). There are some 

conflicting results on what could be its potential productivity (34, 141, 148, 254, 277), but it can be agreed that nearly 

400 ton. ha-1. yr-1 is reasonable to accept under favorable tropical conditions, and 280 ton. ha-1. yr-1 under subtropical 

conditions in a fresh basis (67). For example, in the central part of State of São Paulo, Brazil (22°17’S; 48°32’W), the 

potential productivity was estimated to be nearly 250 ton. ha-1. yr-1 (278), whereas the actual average field productivity 

is 80 ton.ha-1.yr-1  (millable cane), that is, nearly 30% of the potential productivity. This mean that actual yield is only 

20% to 30% of the potential value, at best (34, 48, 148). This is considered dryland cropping, the prevalent condition 

of sugarcane cultivation throughout the world (279). In this condition, what most affects productivity is the water 

imbalance (17, 203, 226). A convincing proof of this statement is that most of the present-day cultivars can produce 

nearly 80% of the prospected potential if properly irrigated and grown in good soils and climate, compared to the 

numbers above. In addition, there are records of the persistence of more than 20 ratoons in irrigated fields, compared 

to an average of only five under rainfed conditions (218). This sensitivity to water deficit and other stressors is result 

of the low resilience of conventional sugarcane cultivars.  
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7. Energy Cane, its Genetic Base and breeding 

“The energy cane alternative” is the title of Alexander’s book (48) that pioneered the idea of exploiting sugarcane as 

an energy plant instead of only a producer of sucrose. The low average commercial yield in Puerto Rico at that time 

was less than 15% of the potential productivity of sugarcane on one side, and the steep elevation of production costs 

was on the other side (besides other social-politic-monetary causes as well). This put the Puerto Rican sugarcane mills 

in a bankruptcy situation. Notwithstanding his diligent effort for more than ten years to change the conservative 

miller’s mind (as is the same worldwide), he was defeated. It`s worth it to mention that all of the mills, one by one, 

inevitably come to an end, with the last one closing in 2000 (275).   

Energy cane is a distinct type of cane in which the tradeoff between sucrose and fiber content is reversed, as compared 

to conventional sugarcane, where the fiber content is higher and the sucrose is lower. The fiber content of energy cane 

could vary from 16% to as high as 30%, depending on the selection criteria, which is demand-driven; conversely, the 

sugar content falls to a level below ca 12% (48, 155, 273, 275, 280, 281). This is not to mean that special types with 

high fiber and concomitantly high sucrose content could not be selected in a long recurrent program, like the one in 

Barbados (275). In that case, however, the challenge for the breeder will be to combine these two important traits with 

all the others needed in a successful variety, mainly to give a dependable and stable yield. The new energy cane plant 

comes from the same germplasm pool already available in the traditional germplasm bank of the Saccharum Complex. 

This germplasm pool comprises not only the ancestral of conventional sugarcane cultivars, i.e., S. officinarum, S. 

spontaneum, S. barberi, S. sinense and S. robustum, but also other genera like Miscanthus, Erianthus, Ripidium, 

Sclerostachia, and Sorghum as well (48, 282). Unlike conventional sugar cane breeding, what is done is to lessen the 

chromosome number of S. officinarum and, conversely, increase those of the more fibrous ancestral like S. 

spontaneum, for example (283). The F1 population from those crosses will show a very great variation in several 

traits, and the selection is focused to those showing heterosis for yield and long ratooning, ultimately resulting in 

clones with a high fiber level. The hybrid vigor of the selected clones is very noticeable and the best clones show a 

two- to three-fold gain in productivity (48, 124, 155, 268, 275). However, energy cane has other outstanding 

characteristics and many advantages as a dedicated energy crop, at least for tropical and subtropical regions (155, 

275). 

Lignocellulose, the most abundant carbon compound in nature (95, 284), is an essential plant component conferring 

rigidity to cell walls and the consequent mechanical stability of plants, and is associated with tolerance to abiotic and 

biotic stressors. It is composed of cellulose and hemicellulose, both very tightly glued by lignin, the second biopolymer 

in abundance, as such forms the fiber, which provides strength to plant tissues and confers stability to xylem vessels 

for efficient water transport (284). Notwithstanding the pinpointed positive morphological and physiological effect on 

plants, paradoxically in sugarcane exploitation it was always considered undesirable above a certain level. In this 

essay, however, it is rescued from that status and takes the center stage, as will be seen further along in this paper.  

In sugarcane, fiber and sugar partition occur during sugarcane stalk growth and formation of internodes. As long as 

each internode matures, insoluble carbohydrates deposits as fiber, and in synchrony with the stalk growth from the 

bottom up, the sucrose is loaded concomitantly to the full capacity of each mature internode (99, 285, 286). When 

environmental factors hinder growth (formation of new tissues), like conditions of drought stress or low temperatures, 

sucrose content is increased in the distal internodes and little fiber is produced. The phase that the final sugar content 

terminates in terms of the whole plant is called the ripening stage of the crop (98, 99, 251, 286).  

Concerning energy cane, if one looks for higher biomass production, a penalty must be paid in terms of sugar content, 

at least if considering the traditional sugarcane ideotype. The interest now is productivity of total biomass, ultimately 

fiber. Studies declared a negative relationship between sugar content and fiber content (147, 239, 244, 250, 251, 271), 

which means that selecting for high fiber, conversely the sugar content goes down. However, this is not to say that it 

is not possible to select energy cane individuals with a good sugar content (in the range of 10-12%) and the fiber 

content being over 20%, as has been obtained in Barbados (287, 288), Mauritius (147, 271), and Brazil (Vignis, 

Unpublished data). In Barbados, Kennedy (personal communication) found in unselected populations of F1 seedlings 

a correlation between fiber and Brix in juice of 0.142 and 0.160, whereas in the highly-selected clones at Stage 4 this 
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correlation was invariably negative and in the range of 0.3 to 0.5. Ramdoyal and Badaloo (147) also found that in 

some families the correlation between pol and fiber was either weak or positive. This means that although it is possible 

to have individuals with high fiber and simultaneously with acceptable sucrose content, the question remains as how 

to combine those characteristics with all other desirable agronomic traits to have a dependable plant in terms of 

agriculture exploitation. Denison (213) recalled that recognition of those kinds of tradeoffs is indispensable in getting 

further effective advancement in yield. 

High fiber is an important component of energy cane, a trait is contributed to by S. spontaneum, as is the same as its 

high vigor and biomass production and, conversely, low sugar content. From the energy perspective, this new tradeoff 

is an advantage, rather than a disadvantage (48) as the biomass is the target (50, 251, 271, 273, 275, 287, 288). 

By crossing the wild species S. spontaneum with either S. officinarum, existing commercial cultivars, or near-

commercial clones, the result in the F1 population is a very wide segregation of characteristics, and many transgressive 

forms with high heterosis may be selected (50, 122, 249, 251, 265), as illustrated in Figure 1. Concerning the 

combination of both sugar and fiber content, several levels of this tradeoff can be obtained, under the limit of 30% of 

total dry matter, like in a seesaw (147, 244, 251, 289). Depending on the commercial interest, distinct individuals can 

be selected, going from the ones tending towards the traditional sugarcane or, on the other side, the energy cane with 

all its variations, as defined here (289). In practical terms, this means a substantial difference concerning agricultural 

behavior of the plant: due to the manifestation of heterosis and high grade of resilience, the result is a significant 

increase in total biomass production. Genetically, the distinct outcome of selection is probably a direct reflection of 

the partitioning of chromosomes between S. officinarum and S. spontaneum: the more the contribution of this second 

species, the more the shifting for fiber and simultaneously for resilience with all consequent beneficial characteristics 

in terms of overall agricultural performance of the clone. If energy cane is the goal, the selection pressure is for final 

biomass productivity instead of sugar productivity. Several studies have shown the potential to significantly increase 

biomass productivity when selecting clones directly from the F1 population of crosses between commercial types and 

S. spontaneum, which contrasts with loss of vigor and resilience the higher the steps of backcrossing to S. officinarum 

(50, 111, 122, 124, 265, 271, 280, 281).  

 
Figure 1. Hybrid vigor of two energy cane clones (right two rows) contrasting with growth of a conventional sugar cane variety (left), in first ratoon.   

Roach (122) studied some crosses between S. officinarum and S. spontaneum and found heterosis for early growth, 

stalk length, yield, propensity for flowering, pollen production, and reducing sugar content, and above mid-parent 

value for stooling ability. Wang et al. (265). Crossing both S. officinarum and commercial sugarcane clones with S. 

spontaneum found: (a) a considerable higher cane and biomass yield in the top 5% of clones in the progeny as 

compared to commercial cultivar checks; (b) threefold higher stalk numbers in the average of the progeny clones; (c) 

individual stalk weight three times less relative to check cultivars. Ramdoyal and Badaloo (271) confirmed that F1 
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families, as compared to BC1 and BC2, have a higher number of stalks and stalk height (vigor), and also higher fiber 

and dry matter content and, conversely, lower stalk diameter, purity, Brix, and pol. That trend is clearly an effect of 

the S. spontaneum genome, as confirmed in others studies (111, 249, 250, 271). Selected energy cane clones of the 

Vignis’ breeding program also showed those characteristics, along with more rapid growth, mainly in ratoons 

(Unpublished data), as Figure 2 and Figure 3 show, confirming observations by Alexander (48) and Terajima et al. 

(290). What becomes obvious is that S. spontaneum transmits its ability to produce a high number of tillers (122, 123, 

147, 150, 264, 275, 291). Tillering is a very important trait for biomass yield, and a long ratoon life (48, 154, 264, 

275, 292). In the traditional sugarcane breeding, when cultivars have a bit higher number of tillers (thinner stalks), it 

could be imputed to a higher proportion of S. spontaneum alleles (as happens in the cited example of NCo376). This 

also means a consequent impairment in sugar content, and, conversely, an increase in fiber content, a condition 

traditionally considered to bring some problems in mill performance (14, 66, 238240-242, 262, 263, 293). 

 
Figure 2. Contrasting first ratoon regrowth of sugar cane (left dual rows) and energy cane (right dual rows), side by side, in equal conditions: the 

higher tillering and higher vigor of energy cane is very noticeable; also, due to the low level of resilience, the sugar cane variety shows an uneven 

regrowth. 

 
Figure 3. Similar comparison as Figure 2, but with two other varieties of both sugar cane and energy cane; the uneven ratoon regrowth of sugar 

cane is still more noticeable here. 
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Energy cane has several other beneficial characteristics concerning its husbandry and environmental sustainability as 

well. Two of them already mentioned, due to their relevance, will be discussed here.  

Deep rooting is one important mechanism to avoid drought stress (171, 174, 175, 187, 190, 294, 295). Energy cane 

has a more vigorous and deeper root system than conventional sugarcane and those differences are remarkable (48, 

275). Additionally, it has rhizomes, a noteworthy structure aimed at plant survival in harsh environments not attained 

by conventional sugarcane cultivars (275). Both structures are inherited from S. spontaneum (123, 235, 296). Energy 

cane owes its high level of resilience (Figure 2 and Figure 3) to both, the vigorous and profound root system and the 

presence of rhizomes (275). Figure 4 illustrates this type of structure. As said before, this species evolved under the 

pressure of extremely unfavorable environmental conditions (102, 110, 123). It is why S. spontaneum developed those 

structures necessary for survival, including the fibrous characteristic. Conversely, S. officinarum, evolved as a 

domesticated plant, favored by a tropical climate, abundant water, and good soil fertility, thus not requiring any 

sophisticated fitness ability. In this sense, it lost not only the vigorous root system, but also the rhizomatous habit 

(101, 122). As result, when crossing the two species and backcrossing to obtain hybrids with characteristics closer to 

S. officinarum, viz., low fiber and high sugar content, not only is the root system is shortened, but the rhizomatous 

habit is lost, ultimately resulting in a low resilience level (103, 122).  

 
Figure 4. Above two figures show whitish rhizomes developing intermingled in the root system; below figure shows three sprouts coming from 

the rhizome buds. 

Another outstanding characteristic of energy cane is its ratooning ability (Figure 2 and Figure 3), which can ultimately 

be attributed to its vigorous root system and the presence of rhizomes (Figure 4), both traits inherited from S. 

spontaneum (48, 275). Unlike sugarcane, that shows a decreasing productivity from plant cane through advanced 

ratoons (154, 218, 297-301), energy cane has the tendency to increase productivity from plant cane to first and second 

ratoons, at least. From then on, the productivity is sustained at a high level for longer number of ratoons (48, 268, 281, 

302). This is a remarkable characteristic as it has a profound interference in the economics of its exploitation: Once 

established, the crop could stand in the field at least double the amount of years as compared with sugarcane. Renewing 
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a crop is not only one of the costliest activities in sugarcane cropping, but also a critical operation in terms of 

environmental sustainability as it concurs with soil erosion, a serious threat in agriculture (303, 304). Additionally, 

CO2 is released by both: the petrol consumed by machines during the several required field operations and the 

oxidation of all the superficial organic material (crown, roots and microorganisms) when the soil is tilled, to mention 

a few environmental hurts (305-307).  

It can be also inferred that the vigorous and profound root system of energy cane brings several other environmental 

advantages, like better structuring of soil, the favoring of microbial proliferation, and water storage and infiltration (2, 

295, 303), thus resulting a better growth of the root system as feedback in a synergistic cycle. Environmentally, the 

added benefits are the reduction of soil erosion and the diminishing of mineral nutrient leaching (e.g. N and K) and, 

importantly, a higher C sequestration, to mention a few. 

8. Final Discussion 

The sugarcane agroindustry, and thus the sugar trade, showed an outstanding growth in the last century. However, 

several intermingled crises occurred from time to time with frequency, intensity, and duration distinctly hitting each 

producer country per its specificity in terms of production system, overall economy and trade, public policy, social 

policies, etc. Nowadays, considering each production company with the increasing cost of production, mainly in the 

agriculture sector, the current level of productivity is not always profiting adequately. For example, there is 

aggravation when some external occurrence strikes the crop, like a drought spell, to cite one significant drawback, not 

to mention problems with sugar price and commercialization. The main drive regarding profit is the field productivity, 

mainly sugar per unit area. However, here is where the bottleneck resides. Technology to produce the feedstock is 

well developed and the cultivars are in the best biological and agronomical attainable level. Concerning the cultivars, 

there is an argument that they can be ameliorated, as they are below the biological potential. The productivity that can 

be attained under good growing conditions, which includes a well-watered field, is evident proof that the problem is 

not on this side. The actual problem is their level of resilience: They are not able to deal satisfactorily with the many 

stressors acting in a plantation (179), which are expected only to get worse in the future in the majority of sugarcane 

areas throughout the world.  

Although sugarcane is being considered as one of the best biomass-dedicated crops to help mitigate C liberation to 

the atmosphere, its world-average productivity has levelled off, and breaking that ceiling remains a challenge. At the 

root of this question is the strict tradeoff between fiber and sucrose content inflicted by the factory, the “Devil’s 

Triangle,” as recalled by Botha (149). The sugarcane agroindustry remained yoked to the “low fiber” law all the time. 

Taking out this yoke, sugarcane is freed to realize all its potential to produce biomass. As said before, the low fiber 

“law”, led to the resultant low resilience of the cultivars and the consequent yield ceiling. The main aim of this paper 

has been to clear up the underlying genetic basis of the said triangle. Denison (213) contended, “It will be difficult to 

improve efficiency more than natural selection already has done unless we pay attention to tradeoffs.” Per him, natural 

selection over millions of years has improved traits governing the efficiency of plants in using light, water, and 

nutrients. Therefore, on this side there is no prospect for further gains (213). What nature could not have had the 

chance to test is the combination of all the diverse genotypes evolved by natural selection, due to barriers of either 

time or geography. This possibility is what happened with the Complex of Saccharum. Distinct ancestral of sugarcane 

appeared and evolved in a wide geographical area as we know (104, 106), and now comprises a large group of 

interrelated genera that can be intercrossed (105). Give to nature millions and millions of more years and it will do it 

for sure. However, it is up to humans to use the opportunity to abbreviate the time span tremendously. This is what 

can be done to explore the available high gene pool, as is the case of energy cane and other fibrous grass plants as 

well.  

Denison (213) stated that breeding is constrained by the law of conservation of matter: Plants can’t use the same atom 

for all the purpose at the same time, exemplifying that, all else being equal, larger seed means fewer seeds. This same 

tradeoff can be applied to sugarcane concerning sucrose and fiber: the higher the sucrose in juice, the lower the 

structural fiber. This tradeoff led to several constraints to the plant and, consequently, restriction in biomass 

production. This happens because restoring sugar is costly to the plant. But, tradeoffs can bring constraints or, 
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conversely, opportunities, adds Denison (213). In the case of sugar cane, the opportunities come as higher resilience 

and higher hybrid vigor when we produce a plant with higher fiber level and lower sugar concentration, that is, the 

new form coined as “energy cane” (48, 273, 275). 

The possibility of exploring heterosis and high resilience levels when dealing with energy cane discloses the very 

cause of restraining yield in the classical cultivars: the low fiber content because of its genomic composition. The 

narrow genetic variability of the classical hybrid cultivars due to the restricted genome participation of S. spontaneum, 

makes their level of resilience too short and, hence, highly sensitive to environmental stresses, as has been thoroughly 

discussed in this article. However, in applying an alternative and divergent breeding method to prioritize the fiber 

component in detriment of the sugar, the problem can be properly tackled without the need of financing a costly, time-

consuming, and sophisticated technology in a short time span, which is also very important. Disregarding the dogma 

of low fiber content not only means the limit of 30% of total dry mass can be broken (268, 288), but additionally 

heterosis can be gained, together with higher resilience, besides all other benefits of energy cane, as previously 

discussed. The alleged barrier brought by the high fiber content of energy cane for an efficient juice extraction is an 

unsustainable myth. As fiber is to be highly valued from now on, the technology to deal with it must necessarily evolve 

(246). 

Sugarcane breeding, as we know today began motivated by the menace of striking diseases affecting the plantations 

at that time. They were predominantly made up of domesticated S. officinarum types collected in the gardens of 

aborigines in the Papua-New Guinea region (102). As such, they have lost the capability to survive in the wild and 

strengthened the characteristic of a tropical species, requiring good soil, plenty of water, and favorable temperatures. 

As result, their resilience is low and they did not stand intensive cropping in large areas and in variable environmental 

conditions. To help growers obtain more disease-resistant and manageable cultivars at the same time, the breeders 

conceived the hybridization of that species with more resilient wild types like S. spontaneum and landraces (26, 106, 

110). What they got in the F1 population were individuals showing heterosis, with high tillering ability and high 

productivity. The photos presented by Brandes and Sartoris (102) of those first hybrids were very illustrative of the 

kind of materials they received. However, those materials were lacking what they were mostly looking for, the 

wonderful characteristics of S. officinarum, high sugar content and essentially low fiber. The only choice was to make 

several backcrosses to the sugary ancestor, until finally reaching types closer to what both the industry and the 

agronomy were used to. However, in doing that they sacrificed the heterosis for high biomass productivity and the 

resilience of the plants as well. All the subsequent breeding programs worldwide followed the same insight, so for 

more than a hundred years the sugarcane breeding effort moved away from the energy cane type to focus on the sugary 

type. 

Today, humanity is facing three major agenda. The first one is to produce enough food, fiber, and energy to the 

prospected human population of more than 10 billion in the next 10 years (23, 25, 204, 206). Following this is the 

necessity to control the excessive air pollution resulting from inadequate human activity and the resulting increase of 

greenhouse gases with their unprecedented destructive consequences to the planet’s life. Thirdly, there is also the 

necessity of controlling the pollution in the soil and in the water, to preclude the inevitable bad consequences to life 

(163, 164, 305-307). 

Concerning the first agenda, in progressively agricultural depleted soils in terms of nutrients and water and 

microorganisms as well, an important emerging issue is the resilience of the crops, which, in other terms, means crops 

resource-efficient (174). Efficiency of a crop stands in its ability to convert input-like water and nutrients into outputs, 

that is, any form of valued biomass (174). So, to satisfy the growing demand for food, fiber, and energy of our 

civilization it is essential to have crop plants with high output levels, that is, “all else being equal, a plant that is able 

to acquire a limiting soil resource at reduced metabolic cost” (174). As the agricultural soils will inevitably and 

progressively have their resources depleted (95, 205), a resource-efficient plant is fundamental to the agriculture 

accomplishing the coming demand. In this sense, the root of the plants appears as an essential organ, although most 

times people are not properly acquainted with its importance. Besides the most obvious function of the root system in 

anchoring the plant, they are the essential organs from which the plants fulfill their need in water and nutrients. 

Therefore, a resource-efficient plant is ultimately a result of a resource-efficient root system (174, 175, 177, 308-310). 
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The tremendous increase in productivity in maize in the last 60 years is well known. Analyzing this achievement, the 

conclusion is that genetics and technology of field management both contributed fifty-fifty in that progress (231) or, 

better, in an interaction of both rather than each one per se (217). From the genetic side, increasingly greater stress 

tolerance played a role according to those authors, that is, the ability to overcome both large and small stress 

bottlenecks, rather than improvement in primary productivity (231), what ultimately means selection for yield stability 

(217). Another meaningful insight reached is that stress tolerance or yield stability is mostly result of a more resource-

efficient root system (174, 232, 294, 309).  

The resource-efficiency of the root system comes not only from its physiological efficiency, but also from its 

morphologic abundance and distribution in the soil (175, 311). Studies have shown that the metabolic costs of soil 

exploration by the root systems are substantial, as it can exceed 50% of daily photosynthesis (127, 174). However, an 

efficient plant should give a highly positive return in the tradeoff between high metabolic cost and biomass or yield 

result. That is what happens, for example, in the case of energy cane. Although our overall knowledge on the energy 

cane crop is in its infancy, what can be drawn from practical observations is that the energy cane plant not only has a 

more abundant, vigorous, and profound root system compared to conventional sugarcane (48, 275), its efficiency in 

producing biomass under equal conditions is patently higher. Therefore, this trait satisfies the fundamental condition 

of sustainability.  

With the increased interest in biomass crops nowadays and the clear advantage of sugarcane in this respect, a wealth 

of revision papers is proposing paths to increase the yield, both from the agricultural and industrial side of sugarcane 

exploitation. Concerning the agronomic side, most them, if not all, consider that stressing the study on the 

physiological and biotechnological side (genomics and proteomics) results will come that will make this sector a 

strong contributor of economic, social, and environmental development. By addressing it this way, it alleges that 

sugarcane will effectively contribute to rural development, without compromising land that otherwise should be used 

to produce food (16, 22, 272, 274). None of those suggestions, however, effectively indicates a target number of that 

increase in yield; none of them decisively reaches the point. At best, what should be expected is only marginal 

increases if considering biomass production. Occasional increment in productivity is ephemeral, and this is not 

sustained in a long run; The “up-and-down” frame will prevail due to the inconstancy of the environment and the short 

resilience of the cultivars. This fact calls for a more definite uphill climb.  

Between the late 1990’s and the beginning of the 2000’s, the completion of a big multi-institutional Brazilian project 

on Sugarcane ESTs Project (SUCEST) (312), raised the enthusiasm on the possibilities of molecular breeding and 

genetic transformation processes in providing plants able to tap productivity levels never seen before. Enthusiastically, 

one director of a big sugarcane research center declared: “We believe there is no ceiling in productivity, theoretically” 

(313). It is obvious that this statement cannot be taken literally. From the botanical side, admittedly every plant has a 

ceiling capacity, and this is mainly true for cropped plants (210, 215, 233). In this case, admittedly there is a ceiling 

well below the botanical one (95, 148, 234). The challenge from the agronomical side is reaching each crop’s own 

ceiling. In every crop, taken as an average, the environmental condition is always well below the optimum, that is, 

stressors are pervasive in a crop. Plants must thrive under the effect of many variable environmental conditions, in 

space and time, either aboveground or belowground. For that reason, they have to be very integrative organisms, the 

whole plant physiology being the integration of the physiology of each cell, tissue, and organ, in response to the 

challenge of distinct environmental effects in a given time. Although good agronomic management operations are 

purposed to give the crop the most proper conditions for growth, the exact control is out of hand and the resultant 

conditions is usually below the optimum. Besides, the level of adoption of technology by the growers is not uniform, 

and few do the best husbandry. Given that, the actual attained yield of extensive crops worldwide is in the range of 

35% to 50% of potential yield, considering dryland cropping (203, 210, 233). The same is true for sugarcane (48, 

148). However, it is important to bear in mind that all the above considerations apply to conventional sugarcane 

varieties, with their fixed characteristics. It is not the attainable yield level if one changes the premises on the type of 

plant to exploit.  

The stakes are high in the debate about which coping strategy is most appropriate for the future of sugarcane 

production. From the biological side, the prevailing strategy is to breed for tolerance to stressful environments, mainly 
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drought conditions. Drought tolerance in sugarcane is nowadays a trait mostly persecuted, either by traditional 

breeding methods or by molecular genetics, but it is a hard task as a complex of interacting biological and 

environmental factors govern drought and, additionally, a good sugarcane cultivar must combine multiple traits. 

Although propositions to tackle the problem with genetic modified plants abound nowadays (12, 39, 50, 60, 74, 138, 

140-142), it is not actually at hand, i.e., it is only a perspective in long term at best (314), or not viable at all in practical 

terms (213). Despite the worldwide concerted effort with this line of research for several decades, practical results had 

been dim or null (213, 314). The deficiency is not only on structural characteristics to give the plant a feedstock value 

but also the lack of a good resilience level, as found by Benjamin (237). 

Whichever path an optimistic view of progress could appoint, at the baseline stands the same crucial pitfall: The new 

cultivar has to fulfill the same driving tradeoff between fiber and sucrose added by a dependable level of resilience. 

This is a determinant drive from which it is not possible to evade if the same dogma is to prevail. So, from this 

perspective, the issue of levelled off productivity remains unsolved. The solution, as has been discussed, is a deviation 

from the paradigmatic low fiber–high sucrose dogma. 

8.1 Concluding Remarks 

Sugarcane is considered one of the most efficient biomass producers among crop plants (48, 49, 53, 273, 315, 316). 

However, with the full realization of the new purpose outlined above, conventional sugarcane does not compete 

favorably with energy cane, a variant of it. In a world of increasing demand for food and energy, the biomass and 

biofuel option should be not only highly productive but also cushioned in a solid agroecosystem management system, 

and final use and industrialization as well, that is, fulfilling not only economical need, but also environmental. Having 

a feedstock that fulfills those requirements is a privilege that ought to be seriously and responsibly considered. A big 

constraint for many other biomass options is that they do not have a fully developed production and industrialization 

system yet. In that manner, this essay provides the reasons why energy cane should substitute conventional sugarcane 

if bioenergy and a wealthy of new value-added products is the aim instead of only sugar. 

From the specific perspective of current sugarcane mills, the only remedy to counteract their unsustainable condition 

overall is to accrue substantially and definitively the yield of the feedstock per unit area. Without that, there will not 

be enough payback, given that there is no prospect of the cost of production to recede and land cost will continue to 

rise, or will not be available at all. Land use at the expense of land used for food production is justifiably a matter of 

high concern (7, 17, 22, 24, 91, 92, 206, 279, 317). In the same context, it is pivotal to adopt the energy cane alternative. 

It is a feedstock that is much more productive, thus requiring less land to produce the same amount of bioenergy, and 

in several aspects, is much more sustainable than any other known biomass plant.  

The energy cane alternative is even sound if, in a very innovative decision, the company decides to transform itself 

into a biorefinery. Whatever the products are to be obtained in the new industry conformation, including 2GE, having 

a highly productive biomass is essential; in the lack of it, none of those innovative routes would come into a sustainable 

reality (84). In other words, the integration of farm and industry is imperative in achieving a profit-maximizing 

enterprise. This concern applies to a long-term project. In the short run, if the present sugar mills have a cogeneration 

system or decide to produce only 1GE (besides sugar); the energy cane adoption still gives them an advantage. The 

high productivity of energy cane allows them to free up land, so that they can fully optimize the exploitation of 

conventional sugarcane cultivars: The cultivars can be allocated to the most appropriate fields available and harvested 

in their best ripening period as well. Additionally, the logistic cost can be shortened. 

Slewinski (24) very properly stated, “A dramatic change in agricultural crops is needed to keep pace with the demands 

of an increasing human population, exponential need for renewable fuels, and under uncertain climatic changes.” 

Sugarcane, as one of the most biomass productive plants among known crops is a superior plant to fulfil the 

requirements of a biofuel feedstock (53, 316, 318). Besides sugarcane being a well-known crop, the technology for its 

exploitation is thoroughly developed. Yield increase by either agricultural management technologies or breeding 

plants with higher biomass productivity is a matter of concern, as high biomass productivity is essential to have a 

dependable and sustainable bioenergy production (38, 210, 316). Despite numerous proposals for that aim mainly 

coming from molecular biology (12, 38, 50, 60, 74, 138, 140, 141), this paper stands that real and short-term 
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breakthroughs will only come with the novel cane type coined as “energy cane.” It should be recalled that a classical 

and simple breeding process obtains this new plant. Gopinathan (33), had concerns that “to meet demands of coming 

decades, sugarcane productivity needs to be doubled within the limited availability of natural resources, severe 

environmental pressures, and climate change impacts,” and that “the key driving force for increased productivity for 

crops comes from agriculture research and innovations at the various levels of the value chain.” However, as this paper 

defends, the actual potential of the conventional sugarcane varieties is at their maximum and the low average 

productivity in plantations results from their low resilience level, that is, they are not able to counteract the stressful 

conditions prevailing in the field. Give them the proper amount of water during their growing period and the full 

potential comes to realization, proving that the problem is not their genetic background. Energy cane can double the 

present sugarcane productivity in every equal condition and, as such, it represents an actual innovation. In Louisiana, 

Shields and Boopathy (69) considered the introduction of energy cane “as a forefront of a competitive edge of the 

sugarcane industry.” Hatcher and Battey (319) also expressed opinion on this line of thinking. 

Strapasson (92), in a remarkable modeling study, concluded that overall “bioenergy production can become a major 

source of energy in the global energy mix, displacing fossil fuel sources in many end uses,” and thus, it “can reshape 

the current energy and agricultural geo-politics, in most cases in a positive way (…), besides mitigating global 

warming.” However, to this end, increasing the NPP, or Net Primary Productivity, of all the agriculture-livestock-

forestry chain is a need. For instance, in the best scenario of his study, the energy production per unit of land by the 

bioenergy feedstock should increase 200% by 2050, relying on an overall advancement of the entire production 

system, from field to wheel. Fargione et al. (320) also considered that huge yield increment is necessary to reduce 

indirect impacts of dedicated crops on the environment. The contention of this paper is that such a huge increment in 

productivity is not definitively possible to accomplish with conventional sugarcane cultivars. As thoroughly discussed 

above, conventional sugarcane does not meet this expectation, but energy cane does. Therefore, energy cane is 

foreseen as an option to definitively tackle the issue with a decisive impact, at least under tropical and subtropical 

conditions; it can be promptly obtained by simple conventional breeding process and the technology for its exploitation 

is well developed, both in the field and in the industry, only requiring small adaptations. Brazil is home to the world’s 

largest sugarcane crop area as well as to the production of sugarcane-derived ethanol. Nearly five million hectares are 

dedicated to that activity today, but much more land is available without needing land clearing (92, 321-323), so that 

much must contribute to this end if bioenergy is to be a serious alternative to fossil fuels. 

Matsuoka et al. (275) recalled all the effort put forth by Alexander (7, 48) to inculcate the idea that the sugarcane 

agroindustry has to overtake the traditional sugar-making activity and exploit this feedstock as a bioresource, making 

plenty use of the wealthy endowed by nature. However, 30 years ago, Alexander was ahead of his time and failed. 

Now, the time is ripe to make proper use of this carbohydrate-making machine to the human benefit. The statement 

of Denison (213) is properly applied here, that “with greater attention to tradeoffs, we may identify many opportunities 

for further genetic improvement of crop plants.” Energy cane cropping will be an innovative breakthrough never 

experienced by this old agroindustry. In the words of Hatcher and Batley (319) about it, “the prospect of a redeemed 

future for sugarcane gives ground for genuine optimism”.  
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